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Abstract 
Optical parameters measured via absorption spectroscopy and high-resolution fluorescence 
spectroscopy were used to characterize dissolved organic matter (DOM) in the springshed of 
Kings Bay, a spring-fed estuary located on Florida’s Springs Coast. Over the past 40 years, 
springs supplying groundwater to Kings Bay have shown an increase in nitrate concentration. 
The overall goal of this project was to fingerprint wells and spring sites with elevated nitrogen 
concentrations using CDOM optical properties and establish relationships between nutrient and 
optical parameters. Samples were obtained from various sites: springs, Kings Bay surface 
(KBS), wells, coastal waters in and at the mouth of Crystal River (Coast) and lakes and rivers 
(LNR), during dry and wet seasons. 
The relationships between the environmental parameters and traditional optical parameters 
which provide insight into source characteristics were analyzed. Excitation emission matrix 
spectroscopy (EEMS) provided information about the concentration and chemical nature of 
organic matter in the study area. CDOM optical properties combined with salinity clearly 
separated the sources of fixed nitrogen in the Bay.  
Northern springs with elevated dissolved inorganic nitrogen (DIN) concentration had lower 
salinities and showed a presence of protein peaks. CDOM concentration was negatively 
correlated with total nitrogen (TN) and DIN, which suggests that these are subjected to 
anthropogenic influences. Humic peaks dominated the composition of the southern springs. 
CDOM concentrations were much higher than in the northern springs and there was a positive 
correlation between CDOM and both TN and DIN. These findings suggest that the fixed 
nitrogen in the southern springs is naturally occurring organic matter and the low 
 xi 
concentrations may partially be a result of subsurface mixing of saltwater and freshwater in the 
aquifer. Thus, hypothesis testing showed that there was a significant difference between 
northern and southern springs  
Hypothesis testing also showed that there is a significant and unexpected positive relationship 
between CDOM and salinity studying Kings Bay, which is due to the low CDOM concentration 
in the springs discharging fresh water. This unique dataset also determined that the intercept of 
the mixing line was significantly different form zero. This indicates that CDOM is present and 
detectable at very low concentrations.  
Parallel Factor Analysis (PARAFAC) was used to evaluate CDOM composition from excitation 
emission matrix spectra (EEMs) and five components were identified: two humic, two marine 
humic, and one protein-like. The marine-like components, peak M, were produced in the 
marine environment and in meteoric groundwater. The study found a unique groundwater 
marker for coastal regions. Northern Kings Bay sites were characterized by a protein-like 
component, which has been associated with wastewater. Additional optical and environmental 
parameters were used in discriminate analysis, which successfully identified the CDOM 
markers for both natural and anthropogenic sources of nutrients in the environment. 
It is vital to improve the analysis of water, nutrients, and carbon from groundwater discharge 
into the coastal zone. Elevated DIN concentrations in groundwater are a widespread problem in 
Florida and over the past 30 years many spring waters have shown an increase in DIN 
concentrations. Nutrient discharge into delicate coastal areas can lead to ecological concerns. 
Investigating CDOM and nutrient distribution together can be a beneficial tool that can help 
differentiate sources from riverine/lacustrine, estuarine, marine, groundwater, and sewage 
impacted categories.  
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Chapter 1:  
 
General Introduction 
 
Note to Reader 
 
Portions of this chapter have been previously been submitted as a report to Southwest Florida 
Water Management District (SWFWMD) contract number 10C00000076. 
 
Colored dissolved organic matter (CDOM) 
Colored dissolved organic matter (CDOM) is a complex mixture of fluorescent organic 
compounds stemming from byproducts of plant and animal metabolism and decomposition that 
is constantly altered by photochemical and microbial activity (Scully et al., 2004). CDOM is 
photochemically active, and significantly absorbs UV and blue wavelengths thereby strongly 
influencing the underwater light field in aquatic environments. CDOM also plays an important 
role in the carbon cycle and supports microbial activity (Kieber et al., 1989; Tranvik, 1992). 
Additionally, CDOM can transport organic pollutants, metals, and trace elements, and can also 
significantly affect drinking water quality. Therefore, the ability to quantify and differentiate 
sources of CDOM in aquatic environments is important for the understanding of biogeochemical 
and carbon cycles, ecosystem integrity, and water quality management.  
There are two types of CDOM sources in natural waters: an allochthonous source which comes 
from river runoff, surface runoff, and/or groundwater, delivering humic and fulvic acids from soils 
and an autochthonous source which is from biological activity in natural environments, which is 
a source of new fluorescent materials (Coble, 1996). The major sink of CDOM in natural waters 
is by photochemical degradation processes (Kieber et al., 1990; Mopper et al., 1991; Coble, 
2007). Photodegradation of CDOM results in the decomposition of high molecular weight 
  
 
2 
compounds (Amador et al., 1989; Moran and Zepp, 1997) into biologically labile compounds 
(Kieber et al., 1989; Miller and Moran, 1997) and low molecular weight substances which can be 
further mineralized to CO2, CO, or other dissolved inorganic carbon (Mopper et al., 1991; Gao 
and Zepp, 1998; Wu et al., 2005). Another sink is the microbial uptake of CDOM. CDOM feeds 
the microbial loop and provides a carbon source for microorganisms (Williams and Yentsch, 
1976; Larsson and Hagström, 1979; Azam and Cho, 1987) 
Although it is important to quantify and differentiate sources of CDOM, it is challenging to 
identify and measure all the individual organic compounds that make up CDOM. The majority 
(>85%) of marine dissolved organic compounds remain uncharacterized at the molecular level 
(Benner, 2002). Additionally, extracted organic compounds are not always representative of 
those found in the original waters (Green and Blough, 1994). Fortunately changes in CDOM 
chemical composition and concentration caused by physical, biological and chemical processes 
are reflected in changes in CDOM optical properties (Coble, 1996; Del Castillo et al., 1999). 
Thus, optical properties of CDOM provide information about the concentration, source, and 
composition of the total dissolved organic matter (DOM) in an environment. Additionally, it is 
possible to discriminate among different water masses based on their optical properties (Coble, 
1996; Coble et al., 1998). 
The optical properties of CDOM in aquatic environments have been studied for many years by 
investigators of aquatic optics and ocean color remote sensing (Kalle, 1949; Bricaud et al., 
1981; Coble et al., 1990; Coble, 1996; Baker and Lamont-Black, 2001; Siegel et al., 2002; 
Kowalczuck et al., 2006; Conmy et al., 2009). CDOM optical properties are easily measured and 
CDOM optical measurements are taken at natural concentrations. This eliminates the need for 
isolation or concentration prior to analysis, which can introduce the possibility of contamination 
and chemical alteration of the sample.  
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Excitation Emission Matrix Spectroscopy (EEMS) has been used to provide optical information 
about the source and relative composition of the colored dissolved organic matter (CDOM) in 
studies in natural systems (Coble et al., 1990; 1998) and for water quality monitoring (Hudson et 
al., 2008a; Stedmon et al., 2011). Previous studies have suggested that fluorescence 
characteristics of CDOM depend on anthropogenic activities (Baker, 2001; Stedmon and 
Markager, 2005a; Hudson et al., 2007), surrounding environmental conditions (Mostofa et al., 
2007b; Birdwell and Engel, 2010; Osburn et al., 2012), and photochemical and microbial 
processes (Coble, 1996; Moran and Zepp, 1997; Coble et al., 1998; Moran et al., 2000; 
Stedmon et al., 2007). 
Excitation Emission Matrices (EEMs) contain a number of distinct peaks that are typically 
ascribed to either humic-like or protein-like fluorescence and are used in the characterization of 
sources of DOM in natural environments. Typical fluorescent dissolved organic matter (FDOM) 
displays separate fluorescence peaks: C, AC, B, AB, T, and AT at known wavelengths. Peaks C 
and AC represent organic acids (“fulvic-like” and “humic-like”) and peaks B, AB T and AT have 
represent amino acid-like or protein-like fluorescence peaks (Coble et al., 1990; Coble, 1996; 
Coble et al., 2014).  Humic-like fluorescence occurs at an emission range of 420-470 nm from 
excitation at 320-365 nm (peak C) and 230-260 nm (peak AC). Protein-like peaks occur at the 
same wavelengths as those of amino acids tryptophan (peaks T and AT) and tyrosine (peaks B 
and AB). Emission is at 340-350 nm (peaks T and AT) and at 300-305 nm (peaks B and AB) due 
to excitation at 230 and 275 nm. These protein-like peaks are associated with recent biological 
activity in water samples and are relatively labile based on the fact that they are infrequently 
observed in most environments.  Protein-like fluorescence can originate from microbial and 
zooplankton activity in areas of high productivity (Coble, 1996; Coble et al., 1998), but they have 
also been associated with microbial activity in human wastewater (Baker, 2001; Hudson et al., 
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2007; Hudson et al., 2008a; Galinha et al., 2011; Stedmon et al., 2011) and agricultural waste 
(Baker, 2002; Naden et al., 2010). 
There have also been many studies on the relationship between CDOM and salinity in 
estuaries. CDOM comprises a significant amount of the DOM pool in coastal regions (Aiken et 
al., 1985; Spitzy and Ittekkot, 1991; Nieke et al., 1997), and is typically conservative in estuarine 
areas (Kalle, 1949; Zimmerman and Rommets, 1974; Dorsch and Bidleman, 1982; Cabaniss 
and Shuman, 1987; Bowers and Brett, 2007). Although CDOM can undergo many reactions and 
alterations, the process of physical mixing dominates in coastal areas. CDOM concentrations in 
riverine waters are usually high due to terrestrial sources, while those found in seawater tend to 
be significantly lower. Therefore, the mixing of these two sources dominates all other CDOM 
processes in coastal environments. The mixing of riverine and marine waters almost always 
results in a linear negative relationship between CDOM and salinity (Cabaniss and Shuman, 
1987; McKee et al., 1999; Conmy, 2008).  
Multiple rivers like the Mississippi, Atchafalaya, Apalachicola, Suwannee, Withlacoochee, 
Hillsborough, Alafia, Manatee, Peace, Caloosahatchee, and Shark Rivers heavily influence the 
coastal waters of the West Florida Shelf (WFS) and thus the CDOM variability is mostly 
explained by conservative mixing. A recent study of river discharge into the West Florida Shelf 
by Conmy (2008) is of particular relevance to this study. Conmy (2008) investigated CDOM 
fluorescence variability in the southern coastal WFS and in several rivers that discharge into the 
WFS. A relatively constant mixing line between fluorescence intensity (Ex/Ex=300/430 nm) and 
salinity with a slope of approximately -4 and intercept of 119 ppb QSE at the zero salinity 
endmenber was reported for the southern coastal WFS. Additionally, it was discovered that 
there are regional differences among river systems in Florida’s west coast. River systems in the 
north had less fluorescence intensities (50-174 ppb QSE) compared to the southern rivers (80-
250 ppb QSE), with the exception of the Suwannee River, a swamp-fed river in northern Florida, 
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which had higher fluorescence intensities (121-391 ppb QSE) than the other northern rivers in 
the study area. This study also observed seasonality in the correlation between CDOM 
florescence and salinity CDOM, which was related to river discharge variability between wet and 
dry seasons in Tampa Bay (Table 1.1; Conmy, 2008). 
Table 1.1. Summary table for seasonality in CDOM fluorescence for Tampa Bay rivers from the 
Conmy (2008) investigation. 
 
Season AR and HR MR 
Dry  79, R2=0.61 95, R2=0.84 
Wet  220 (2004), R2=0.92 
126 (2005), R2=0.83 
222, R2=0.98 
Rivers sites are the Alafia (AR), Hillsborough (HR), and Manatee Rivers (MR) in Tampa Bay 
from 2004 and 2005. Values are zero salinity endmembers for CDOM fluorescence intensities 
(ppb QSE) from a linear least square fit (Conmy, 2008).  
 
The technique of EEMS has also been applied to groundwater studies (Baker and Genty, 1999; 
Baker and Lamont-Black, 2001; Her et al., 2003; Mostofa et al., 2007a; Conmy, 2008; Birdwell 
and Engel, 2010).  A recent study in groundwater discharge in Tampa Bay by Conmy (2008) 
established regional relationships for CDOM and DOC for surficial flow in ten watersheds and 
validated that fluorescence can be used as a proxy for DOC. The study also reported 
groundwater fluorescence values of 3.6-117.0 ppb QSE, which discriminated between shallow 
and deep aquifers and between groundwater and superficial sheet flow to the Tampa Bay 
estuary (Conmy, 2008). CDOM optical properties therefore are important for monitoring 
groundwater quality and can be expected to give insight into carbon export from groundwater.  
Groundwater and submarine groundwater discharge (SGD). 
The exchange of groundwater between land and sea is a major section of the hydrological 
cycle. This exchange, recognized as SGD, was defined by Taniguchi et al. (2002) and 
summarized by Burnett et al. (2003) as “any flow of water on continental margins from the 
seabed to the coastal ocean, regardless of fluid composition or driving force.”  Despite the 
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ambiguity of the definition in terms of source, there are commonly referred endmembers of 
submarine groundwater; they include fresh or terrestrial groundwater, recirculated saline or 
marine groundwater, and connate or formation water. 
For the quoted marine endmember, physical processes such as currents, tides, sea level 
fluctuations, waves, and density gradients circulate seawater into and out of the seabed. These 
processes occur at a range of scale from the hundreds of meters (shelf-scale) to a meters (bay-
scale; Bratton, 2010). For example, oscillations in the sea-level due to astronomical forcing can 
create local pressure gradients at various points across the coastal zone, with the most extreme 
occurring at the shoreface where seawater infiltrates at high tide and discharges at low tide 
(Robinson et al., 2007; Santos et al., 2010). The circulation of seawater into and out of the 
sediments can alter the chemical signature of the ambient overlying seawater significantly and 
affect the overall mass balance and chemical gradients within the benthic boundary layer (Van 
Cappellen and Wang, 1996; Meile and Van Cappellen, 2003; Smith et al., 2008). Common 
reactions include the remineralization of organic matter, desorption of ions from adsorbed sites, 
dissolution and precipitation of carbonates, and oxidation-reduction reactions (Paull et al., 1990; 
Burt, 1993; Charette and Sholkovitz, 2002; Goni and Gardner, 2003; Windom and Niencheski, 
2003; Beck et al., 2007; Santos et al., 2009; Dorsett et al., 2011; Roy et al., 2011). 
For the terrestrial endmember, aquifer recharge is the fundamental process that dictates the 
volume of fluid available to discharge to the coastal zone.  However, local processes (tidal 
fluctuations, anthropogenic modifications to flowpaths) can have secondary or temporal effects 
on the volume of terrestrial submarine groundwater discharge (Robinson et al., 2007). 
Ultimately, any process that can influence the region or local hydraulic gradient can affect the 
discharge of terrestrial submarine groundwater. Due to the potentially long residence time in the 
aquifer and aquifer heterogeneity, the geochemical influence of terrestrial submarine 
groundwater can be quite variable. 
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The composition of the mixed SGD differs from the composition of surface estuaries because of 
biogeochemical reactions in the aquifer. To emphasize the importance of mixing and chemical 
reactions, these mixing zones are called subterranean estuaries (STE) and were defined by 
Moore (1999) as “a coastal aquifer where groundwater derived from land drainage measurably 
dilutes seawater that has invaded the aquifer through a free connection to the sea”. This mixing 
zone has been recognized as the site of carbonate diagenesis and dolomite formation 
(Hanshaw et al., 1971; Badiozamani, 1973; Fanning et al., 1981). It also has been recognized 
that terrestrial inputs of nutrients to the coastal ocean occur via SGD (Valiela et al., 1990; 
Moore, 1999; Slomp and Van Cappellen, 2004; Boehm et al., 2006; Smith and Swarzenski, 
2012).  
Geochemical tracers such as radium and 222Rn isotopes have also been used traditionally to 
trace groundwater inputs to the coastal zone (Burnett et al., 1990; Cable et al., 1996; Kelly and 
Moran, 2002; Burnett and Dulaiova, 2003; Charette et al., 2003; Moore, 2006; Smith and 
Swarzenski, 2012). These methods require the balancing of tracer inputs from groundwater, 
while taking into consideration the loss or removal of natural tracers which can be a difficult 
task. Some disadvantages of geochemical tracers, are that radium is absorbed by clays and can 
be desorbed with salinity (Webster, 1995), and 222Rn is a dissolved gas, thus gas solubility 
constants need to be considered when it is used as  a tracer in an estuary. Advantages of these 
methods are that radium and 222Rn can be two to four orders of magnitude higher in 
groundwater than surface water. These methods have identified that groundwater inputs are 
spatially and temporally variable and make an important global contribution source of nutrients, 
carbon, and metals to the coastal margin. 
The Florida aquifer system is a highly productive karstic aquifer system that underlies all of 
Florida. It provides a significant portion of Florida’s drinking water (Fernald and Purdum, 1998). 
The Floridan Aquifer is classified as eogenetic karst, not deeply buried (Florea and Vacher, 
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2007), making it more susceptible to contamination (Cohen, 2008). The Floridian Aquifer has 
anastomosing and anisotropic flow paths, which results in a complex spring flow (Knowles et al., 
2010), thereby adding to the challenges in maintaining water quality of springs. Additionally, 
there are a multitude of submarine vents (Lambert and Burnett, 2003; Slomp and Van 
Cappellen, 2004).  Nutrient discharge from these submarine groundwater discharge (SGD) sites 
can be deleterious to estuarine ecology (Johannes, 1980; Sigua and Tweedale, 2003). 
Nutrients 
The nitrogen referred to this study is the fixed nitrogen that is combined with other elements and 
form ions such as nitrate (NO3-), nitrite (NO2-), and ammonium (NH4+), or part of organic 
molecules. 
Eutrophication has been linked to the alteration of freshwater, estuarine and marine 
ecosystems. Increased delivery of nutrients to estuaries stimulates eutrophication, and can lead 
to a loss of important habitats such as seagrass by blooms of phytoplankton and macrophytes 
(Sand-Jensen and Borum, 1991; Duarte, 1995; Morand and Briand, 1996; Valiela et al., 1997; 
Hauxwell et al., 2001). In addition to altering estuarine food webs, increased DIN in estuaries 
can cause hypoxia and anoxia (Zimmerman and Canuel, 2000) and result in major fish kills. 
Increased fixed nitrogen loads occurring around the world (Vitousek et al., 1997; Nicholls and 
Small, 2002) are primarily driven by alterations in land use caused by the expansion of urban 
sprawl to coastal areas. 
Recently, the increasing global demand on freshwater has imposed problems for watershed 
management and ground water quality. Progression of residential and agricultural development 
in coastal areas is leading to increased input of nutrients from fertilizer and wastewater to 
groundwater. A portion of these nutrients ultimately is released to coastal surface waters 
(Valiela et al., 1990) Additionally, groundwater mining has increased salt water intrusions in 
coastal aquifers which may further enhance nutrient fluxes to coastal surface waters (Moore, 
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1999; Krest et al., 2000). Nutrient concentrations in coastal groundwater are higher than those 
in river water, counterbalancing the lower mass flux of groundwater relative to surface waters 
(Valiela et al., 1990; Moore, 1999; Slomp and Van Cappellen, 2004). 
Elevated nitrate (NO3–) in groundwater is a widespread problem in Florida and over the past 30 
years many spring waters have shown an increase in nitrate concentrations (Force, 2000; 
Spechler and Halford, 2001; Scott et al., 2004; Katz et al., 2009). Increased fixed nitrogen 
concentrations in springs discharging from the Upper Floridan Aquifer (UFA) have raised human 
health concerns, and many spring-fed rivers have experienced an increase in filamentous algae 
and decrease in native rooted submerged aquatic vegetation, which has caused ecological 
concerns (Force, 2000; Katz et al., 2009). Fixed nitrogen in groundwater comes from fertilizers 
and human and animal waste products. Higher density residential areas which are on individual 
septic tanks can produce significant inputs of nitrate to groundwater (Valiela et al., 1997; Bowen 
and Valiela, 2001). A study in Tampa Bay found the dissolved fixed N occurs primarily as NH4+ 
and DON and near absence of NO3- (Kroeger et al., 2007). Subsequently all forms of fixed N 
should be considered in management plans. Protecting the Floridan Aquifer system that 
discharges to springs also requires identification of contamination sources, information on 
groundwater flow patterns and information on the residence times of groundwater. 
Regional setting and Kings Bay 
Kings Bay is a unique estuarine system with no significant inflowing rivers or streams. It is 
located along the west-central coast of Florida in Citrus County. There are 70 springs, 
collectively considered as a first magnitude spring, making up the head waters of Crystal River 
(Serviss, 2009a; Serviss, 2010b), which travels westward for six miles before discharging into 
the Gulf of Mexico (Hammet et al., 1996). The springs flow through subaqueous vents and 
discharge either directly into the Bay or over short spring runs. The Bay covers an area of 2.4 
km2 and ranges from 1 to 3 m in depth (Jones and Upchurch, 1994). Complete flushing time 
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ranges from 3-4 days and residence time from particle models ranges from 2-2.5 days (Hammet 
et al., 1996). The northern part of the Bay has more discharge and flushes more quickly than 
the southern part of the Bay (Hammet et al., 1996). The discharge from Kings Bay springs 
drives the overall quality of the Bay (Romie, 1990; Jones and Upchurch, 1994) because there 
are no streams or rivers that discharge into the Bay.  
The Bay’s springs lie near the freshwater/saltwater transition zone, which is defined by chloride 
concentrations greater than 250 mg Cl/L (Upchurch, 1992). Figure 1.1 shows an approximation 
of the coastal transition zone in Kings Bay derived from chloride concentrations. Springs located 
inland of the coastal transition zone discharge meteoric water, and springs located seaward 
discharge water from brackish water, which is representative of the subterranean estuary. The 
transition moves vertically and horizontally in reaction to tidal fluctuations and changes in 
aquifer water levels. Springs in Kings Bay are also influenced by tidal fluctuations (Rosenau et 
al., 1977; Serviss, 2009a). Discharge peaks and salinity are lowest at low tide when the 
transition zone is farther seaward (Yobbi, 1992). 
The Kings Bay springshed is underlain by a thick sequence of permeable limestones and 
dolomites of the Floridan aquifer system. The thin veneer of sediment that covers the limestone 
consists of unconsolidated to poorly-indurated siliciclastic deposits dominated by quartz and 
sand (Jones and Upchurch, 1994). This aquifer is divided into the upper Floridan aquifer (UFA) 
which contains fresh water, the middle confining unit, and the lower Floridan aquifer (LFA) which 
is saline (Miller, 1986). The UFA is the principal source of water for domestic, agricultural and 
industrial uses (Jones and Upchurch, 1994). 
Citrus County can be divided into four zones—Coastal Swamp, Gulf Coastal Lowlands, 
Brooksville Ridge, and Tsala Apopka Plain (Fig 1.2). Groundwater discharging in Kings Bay, 
which is located on the Gulf Coastal Lowlands, originates as rainfall in the recharge area inland  
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Figure 1.1. Kings Bay coastal transition zone derived from chloride concentrations in 1991. 
Dotted line represents 250 mg/L isochlor. The range of concentrations for springs that were 
above the 250 isochlor was 280-1,500 mg Cl/L (n=4), and the range of concentrations for 
springs that fell below the 250 isochlor line was 3-150 mg Cl/L (n=9). Springs located to the east 
of the isochlor discharge fresh groundwater. Springs located to the west of the isochlor 
discharge brackish groundwater. Figure modified from Champion and Starks (2001). 
 
of the Bay, consisting of Brooksville Ridge and Tsala Apopka Plain (Jones and Upchurch, 
1994). Brooksville Ridge has the highest amount of recharge, and precipitation rapidly moves 
underground through numerous sinkholes and then moves seaward via an extensive system of 
conduits. The lack of rivers and streams in Citrus County results in a well developed 
underground drainage system. Tidal marshes and coastal swamps delineate the Coastal 
Swamp zone, which extends inland from 2-5 miles and parallels the coast. 
Similar to other estuaries, Kings Bay has been affected by anthropogenic factors over the last 
several decades. Several Kings Bay springs and springshed wells have experienced an 
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increase in nitrate concentration over the past years (Jones and Upchurch, 1994). This increase 
in nitrate concentration is thought to be due to an increase in anthropogenic stressors such as 
golf-course and residential turf fertilizers and contamination via septic tank leachate and sewage 
effluent (Jones and Upchurch, 1994).  Since 1960, Kings Bay has also seen an increased 
invasion of nuisance aquatic plants like Hydrilla, Eurasian milfoil, and Lyngbya spp (Hammet et 
al., 1996). In the 1960’s, Kings Bay and parts of Crystal River shoreline were dredged and filled 
to create sea walls to provide residential and commercial boat access. As a result, water 
circulation was altered and the amount of natural wetland was reduced (Hammet et al., 1996). 
This study area is a unique estuarine system with no significant inflowing rivers or streams. 
Groundwater inputs in the coastal area are especially important because they are a major 
source of dissolved constituents to coastal waters (Shaw et al., 1998; Charette and Sholkovitz, 
2002; Slomp and Van Cappellen, 2004; Beck et al., 2007). Furthermore, karst aquifers and their 
associated springs are more susceptible to contamination (Panno et al., 2001; Spizzico et al., 
2005; Green et al., 2006; Katz et al., 2009; Birdwell and Engel, 2010), making it imperative to 
understand pollutant and material transport from the aquifer to the coast. It has been 
challenging to track sources of both nutrients and other water quality parameters in Kings Bay 
because karstic, aquifer systems are very dynamic and complex (Knowles et al., 2010) and 
tracking groundwater within the springshed is limited by the abundance of wells and availability 
of well access.  
A limited amount of research has been conducted in bays that are solely spring fed. The Kings 
Bay area is an excellent study area to investigate inputs from SGD since there are no influence 
from streams and rivers. One way to monitor water quality and assess the source of nutrients 
for management and conservative purposes is by evaluating the nature and behavior of optical 
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Figure 1.2. Map of physiographic and water features of Kings Bay springshed in Citrus County. 
Spaced dotted line delineates Kings Bay springshed boundary. Modified from (Jones and 
Upchurch, 1994). 
properties of CDOM (Baker, 2001; Baker et al., 2004; Stedmon and Markager, 2005a; Hudson 
et al., 2008a). To the author’s knowledge there has been no previous research with regards to 
CDOM spectrophotometric parameters in Kings Bay. The goal of this project is to improve the 
estimate of water, nutrients, and carbon from groundwater discharge into the coastal zone. This 
research presents results of high resolution fluorescence spectroscopy analyses of the various 
source water types in the Kings Bay springshed and coastal area, including subterranean 
estuarine water via SGD, wells, meteoric springs, and coastal water sources, which aids better 
in planning for water usage and strategies to maintain a healthy aquifer. 
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This study 1) gives insight to poorly understood spring systems in the West Florida Shelf (WFS), 
2) discriminates source water type in the King’s Bay springshed among SGD, wells, Kings Bay 
surface, and coastal water sources, 3) fingerprints groundwater sources with elevated nitrate 
concentration using CDOM optical properties, which aids in defining a unique groundwater 
marker in coastal regions, and 4) shows that CDOM has a linear relationship with salinity in 
Kings Bay. 
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Chapter 2: 
 
Optical Parameters of CDOM and Environmental Parameters in the Kings Bay 
Springshed 
 
Note to Reader 
 
Portions of this chapter have been previously been submitted as a report to Southwest Florida 
Water Management District (SWFWMD) contract number 10C00000076. 
Abstract 
Over the past 40 years, springs supplying groundwater to Kings Bay, a spring-fed estuary and a 
manatee sanctuary, have shown an increase in nitrate concentration and increased invasion of 
filamentous algae. The overall goal of this project was to fingerprint wells and spring sites with 
elevated dissolved inorganic nitrogen (DIN) concentrations using CDOM optical properties and 
establish relationships between, total nitrogen (TN), dissolved inorganic nitrogen (DIN), 
dissolved organic nitrogen (DON), and optical parameters. Samples were obtained from various 
sites; Springs (n=13), Kings Bay surface water (n=12), Wells (n=29), coastal waters at the 
mouth of Crystal River (Coast, n=10) and lakes and rivers (n=9), during dry and wet seasons. 
The relationships between the environmental parameters, total nitrogen (TN), dissolved 
inorganic nitrogen (DIN), dissolved organic nitrogen (DON), and salinity, with optical 
parameters, such as fluorescence maximum intensity (Fmax), absorption coefficient (aCDOM (λ)), 
and spectral slope (S), which provide insight to source characteristics, were analyzed. High 
resolution spectroscopy provided information about the concentration and chemical nature of 
organic matter in the study area. CDOM optical properties combined with salinity clearly 
separated the sources of DIN and DON in the Bay.  
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Northern springs with elevated DIN concentration had lower salinities and some showed a 
presence of protein peak AB. CDOM concentration was negatively correlated with TN and DIN. 
These are subject to anthropogenic influences. Control of wastewater inputs could reduce DIN 
in the northern springs.  
Southern springs were dominated by humic peaks C and AC. CDOM concentrations were much 
higher than in the northern springs and there was a positive correlation between CDOM and 
both TN and DIN.  These findings suggest that the fixed nitrogen in the southern springs is 
naturally occurring organic matter and the low concentrations may partially be a result of 
subsurface mixing of saltwater and freshwater in the aquifer.   
Some springs from the middle of the study area had CDOM and fixed nitrogen concentrations 
intermediate between those of the northern and southern regions, and similar to those of Kings 
Bay surface waters. Two springs in the middle had low CDOM and DIN concentrations that 
could potentially be a baseline for uncontaminated springs. An unexpected positive relationship 
between CDOM and salinity was found in this study, which is due to the low CDOM 
concentration in the springs discharging fresh water. 
Introduction 
Eutrophication has been linked to the alteration of freshwater, estuarine and marine 
ecosystems. Eutrophication is the enrichment of nutrients such as phosphates (PO4 -3) and 
nitrates (NO3-). Estuaries are usually nitrogen limited, and the increased delivery of fixed 
nitrogen (N) to estuaries stimulates eutrophication which can lead to a loss of important habitats 
such as seagrass by blooms of phytoplankton and macrophytes (Sand-Jensen and Borum, 
1991; Duarte, 1995; Morand and Briand, 1996; Valiela et al., 1997; Hauxwell et al., 2001). In 
addition to altering estuarine food webs, increased fixed N concentrations in estuaries can 
cause hypoxia and anoxia (Zimmerman and Canuel, 2000) and result in major fish kills. 
Increased N loads occurring around the world (Vitousek et al., 1997; Nicholls and Small, 2002) 
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are primarily driven by alterations in land use caused by the expansion of urban sprawl to 
coastal areas. 
Elevated nitrate (NO3–) in groundwater is a widespread problem in Florida and over the past 30 
years many spring waters have shown an increase in nitrate concentrations (Force, 2000; 
Spechler and Halford, 2001; Scott et al., 2004; Katz et al., 2009). Increased fixed N 
concentrations in springs discharging from the Upper Floridan Aquifer (UFA) have raised human 
health concerns, and many spring-fed rivers have experienced an increase in filamentous algae 
and a decrease in native rooted submerged aquatic vegetation, which have caused ecological 
concerns (Force, 2000; Katz et al., 2009). Fixed nitrogen in groundwater comes from fertilizers 
and human and animal waste products. Higher density residential areas which are on individual 
septic tanks can produce significant inputs of nitrate to groundwater (Valiela et al., 1997; Bowen 
and Valiela, 2001). 
Excitation Emission Matrix Spectroscopy (EEMS) has been used to provide information about 
the source and relative composition of the colored dissolved organic matter (CDOM) for natural 
water quality monitoring and for environmental studies in natural systems. Excitation Emission 
Matrices (EEMs) contain a number of distinct peaks that are typically ascribed to either humic-
like or protein-like fluorescence and are used in the characterization of sources of DOM in 
natural environments. Typical fluorescent dissolved organic matter (FDOM) displays separate 
fluorescence peaks: C, AC, B, AB, T, and AT at known wavelengths (Fig. 2.1; Table 2.1). Peaks C 
and AC have been assigned as organic acids (“fulvic-like” and “humic-like”) and peaks B, AB T 
and AT have been assigned as amino acid-like or protein-like fluorescence peaks (Coble, 1996).  
Humic-like fluorescence occurs at an emission range of 420-470 nm from excitation at 320-365 
nm (peak C) and 230-260 nm (peak AC). Protein-like peaks occur at the same wavelengths as 
those of amino acids tryptophan (peaks T and AT) and tyrosine (peaks B and AB), with emission  
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Table 2.1 Peak positions, names, and sources of fluorophores in natural waters. Modified from 
Coble et al. (2014). 
Component             
Exmax/Emmax  (nm) 
Peak 
Name Source 
Tyrosine-like, protein-like Autochthonous, 
resembles tyrosine but 
may be free or 
combined amino acids 
230/300-305 AB 
275/300-305 B 
Tryptophan-like, protein-like 
Autochthonous 230/340-350 AT 
275/340-350 T 
Humic-like C 
Humic, terrestrial, 
allochthonous 230-260/400-460 AC 
320-365/420-470 C 
Humic-like M 
Autochthonous, 
microbial 240/350-400 AM 
290-310/370-420 M 
 
 
 
Figure 2.1. Contour EEM showing location of peaks. Peaks M, AC and C are humic peaks, and 
peaks B, AB, T, and AT are protein peaks. 
 
 
at 340-350 nm (peaks T and AT) and at 300-305 nm (peaks B and AB) due to excitation at 230 
and 275 nm. These protein-like peaks are associated with recent biological activity in water 
samples and are relatively labile, as they are infrequently observed in most environments.  
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Protein-like fluorescence can originate from microbial and zooplankton activity in areas of high 
productivity (Coble, 1996), but they have also been associated with microbial activity in human 
wastewater (Baker, 2001; Hudson et al., 2007; Hudson et al., 2008a; Galinha et al., 2011; 
Stedmon et al., 2011) and agricultural waste (Baker, 2002; Naden et al., 2010). In addition to 
peak positioning, the correlation between AC and C peaks can be used in understanding the 
sources of water in springs and to examine terrestrial impact in the area (Singh et al., 2010). 
A recent study conducted in Tampa Bay (Conmy, 2008) found that optical parameters could be 
used to discriminate source water type among groundwater, wells, springs, and surface water 
sources, including discrimination between water samples from deep and shallow aquifers. In 
this investigation we examined relationships among environmental (salinity, temperature), 
chemical (pH, total nitrogen (TN), including dissolved inorganic nitrogen (DIN), dissolved 
organic nitrogen (DON)), and optical (fluorescence intensity maximum, absorption coefficient, 
and spectral slope) parameters in samples collected from five types of sites in the Kings Bay 
watershed, including springs, Kings Bay surface water, wells, coastal waters at the mouth of 
Crystal River and lakes and rivers. The overall goal was to fingerprint groundwater sources with 
elevated nitrate concentration using CDOM optical properties to determine if it could be used to 
provide a unique groundwater marker in coastal regions. Individual objectives were 1) to 
discriminate among the five different types of sites in and around Kings Bay 2) to discriminate 
between shallow and deep wells, 3) to establish seasonal patterns of CDOM fluorescence within 
Kings Bay, and 4) to establish relationships between TN, including DIN and DON, and optical 
parameters.  
The nitrogen referred to this study is the fixed nitrogen that is combined with other elements and 
form ions such as nitrate (NO3-), nitrite (NO2-), and ammonium (NH4+), or part of organic 
molecules.  
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Methods 
Study site 
Kings Bay is the head waters of Crystal River (Yobbi and Knochenmus, 1989) which travels 
westward for six miles before discharging into the Gulf of Mexico (Hammet et al., 1996).  The 
Kings Bay collective 70 springs (Serviss, 2009b) is considered one of the largest first magnitude 
spring groups in Florida. Kings Bay covers an area of approximately 2.4 km2 and ranges from 1-
3 m in depth (Jones and Upchurch, 1994). The springs in the Bay flow through subaqueous 
vents and discharge either directly into the Bay or via short spring runs. These springs are also 
influenced by tidal fluctuations (Rosenau et al., 1977; Serviss, 2010a). The discharge from 
Kings Bay springs drives the overall water quality of the Bay (Romie, 1990; Jones and 
Upchurch, 1994) because the spring discharge encompasses 99 percent of the freshwater 
entering Kings Bay. Springs in Kings Bay have shown an increase in nitrate over the years. For 
example, Hunters Spring shows a three-fold increase in nitrate-nitrate (NO3+NO2), which 
comprises DIN, over the past 20 years, and the rate of increase in Hunter Spring is three times 
faster than the other springs (Fig. 2.2). 
Sampling schedule 
The station names, SID numbers and locations are shown in Tables 2-6. Springs sampling was 
conducted quarterly during 2010 and 2011 at low tide. Five spring sites—Catfish, Hunter, 
Magnolia Circle, Parker Island, and Tarpon Hole—were sampled in all eight quarters. Two other 
springs, Jurassic and Three Sisters No. 1 Spring were first sampled in July 2010 and in each 
quarter thereafter.  In July 2010 and 2011, an additional five springs were sampled: Sids, 
House, Golfview Boathouse, Idiots Delight, and Black Springs. Millers Creek Spring was 
sampled three times--September 2010, July 2011 and October 2011. 
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Figure 2.2. Time series depicting the increase in nitrate+nitrite for Hunter, Catfish and Tarpon 
Hole Springs. Rates of change in mg nitrate+nitrite-N/L/year (slope of the linear fit) at the 95% 
confidence level are 0.0142 ±7.5%for Hunter, .0050 ±5.2% for Catfish and .0048±3.2% for 
Tarpon Hole. 
Surface waters from Kings Bay were sampled twice in 2010 and quarterly in 2011 at low tide. In 
2011, these surface sites were sampled in the same week of the spring sites. These 12 sites will 
be collectively referred to as Kings Bay surface (KBS), and individual sites will be addressed 
with the name assigned by the state, KBN 1-5, KBC 6-7, and KBS 8-12. See Figure 2.3 for 
sampling spatial distribution and Figure 2.5 for sampling frequency. 
Additional samples were taken from other sites within and around the Kings Bay study area, and 
Figure 2.4 shows the spatial distribution of wells, lakes and rivers, and Coast stations. Twenty-
seven nutrient monitoring well sites were sampled in the months of 2010, and twenty-six well 
stations were sampled in 2011. All wells sampled are in the Upper Floridan aquifer except for 
SID 21006, which is in a surficial aquifer, and were sampled during the months of May and 
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June. Twenty-four well stations were sampled in both years; SID 20975, 23245, and 23595 
were sampled in 2010, but not in 2011, while SID 23612 and 23642 were sampled in 2011, 
Table 2.2. Name, site identification (SID) numbers, latitude, longitude, and numbers for spring 
sites. 
Spring SID # Latitude Longitude 
Hunters 20163 28° 53' 39.54" 82° 35' 33.09" 
Catfish  20160 28° 53' 53.44" 82° 35' 55.20" 
Magnolia Circle  705361 28° 53' 38.43" 82° 35' 58.91" 
Parker Island  705362 28° 53' 08.84" 82° 35' 36.69" 
Tarpon Hole 20108 28° 52' 54.42 82° 35' 41.01" 
Jurassic  760792 28° 53' 42.08"  82° 35' 23.93" 
Three Sister No.1  760332 28° 53' 17.98" 82°° 35' 20.04" 
Black  20096 28° 52' 38.63"  82° 35' 57.20" 
Golfview 
Boathouse 760811 28° 52' 45.02"  82° 35' 30.70" 
House 20155 28° 53' 48.93"  82° 35' 28.36" 
Idiots Delight  20148 28° 53' 16.67" 82 35' 21.93 " 
Millers Creek 20168 28° 54' 06.93"  82° 36' 14.36" 
Sids  760809 28° 52' 36.66 82° 35' 50.99" 
 
 
Table 2.3. Latitude, longitude and site identification (SID) numbers for Kings Bay surface (KBS) 
sites. 
KBS site SID # Latitude Longitude 
KBN 1  20162 28° 53' 53.30" 82° 35' 51.05" 
KBN 2  20151 28° 53' 41.25" 82° 35' 26.58" 
KBN 3 20149 28° 53' 40.9" 82° 35' 55.74" 
KBN 4 20167 28° 53' 33.21" 82° 36' 19.91" 
KBN 5 20153 28° 53' 28.5" 82° 36' 00.38" 
KBC 6  20091 28° 53' 11.16" 82° 36' 04.98" 
KBC 7  20103 28° 53' 14.1" 82° 35' 50.45" 
KBS 8 20099 28° 52' 54.17" 82° 35' 40.44" 
KBS 9 20109 28° 52' 49.23" 82° 35' 40.37" 
KBS 10 20098 28° 52' 56.47" 82° 35' 55.06" 
KBS 11 20094 28° 52' 48.88" 82° 36' 09.48" 
KBS 12 20095 28° 52' 51.19" 82° 36' 23.99" 
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Table 2.4. Site identification (SID), latitude, longitude, total depth, land elevation, and depth 
referenced to sea level (ft.) for wells. 
SID # Latitude Longitude 
Total 
Depth 
(ft.) 
Land 
Elev. 
(ft.) 
Ref. to 
Seal 
Level 
20062 28° 51' 11.90" 82° 35' 48.50" 111 3 108 
20075 28° 54' 13.23" 82° 28' 42.97" 335 69 266 
20078 28° 55' 41" 82° 32' 13" 134 50 84 
20080 28° 52' 20.1" 82° 31' 45.8" 115 20 95 
20085 28° 52' 35.30"  82° 34' 17.30" 252 10 242 
20112 28° 52' 56" 82° 34' 09" 100 5 95 
20137 28° 57' 20.91"  82° 32' 29.35" 125 70 55 
20142 28° 53' 50.92"   82° 33' 44.35" 49 10 39 
20172 28° 54' 21.96"  82° 36' 13.63" 176 8 168 
20173 28° 54' 22.50" 82° 36' 13.71" 53 5 48 
20175 28° 54' 22.91"  82° 35' 11.35" 50 5 45 
20180 28° 56 54.91" 82° 35' 00.35' 109 20 89 
20969 28° 52' 44" 82° 25' 42" 270 120 150 
20975 28° 50' 57.93" 82° 29' 16.34" 62 40 22 
21006 28° 52' 54" 82° 32' 30" 30 8 22 
21012 28° 51' 23.65"  82° 24' 49.90" 180 133 47 
23248 29° 02' 10" 82° 25' 37" 82 50 32 
23430 28° 59 51.9" 82° 35' 08.36 68 28 40 
23437 28° 58' 37" 82° 33' 20" 62 30 32 
23440 28° 56' 29.92" 82° 25' 20.34" 245 80 165 
23447 28° 55' 49.92"  82° 28' 56.34" 123 105 18 
23497 28° 52' 17" 82° 32' 15" 120 80 40 
23580 28° 58' 15" 82° 24' 53" 112 70 42 
23591 28° 54' 18" 82° 21' 06" 41 45 -4 
23595 28° 57' 19.98"  82° 20' 13.44" 55 42 13 
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Table 2.5. Latitude and longitude for Coast sites. 
Coast site Latitude Longitude 
Coast 1 28° 55' 30.00" 82° 44' 30.12" 
Coast 2 28° 55' 30.00" 82° 42' 29.88" 
Coast 3 28° 55' 30.00" 82° 40' 30.00" 
Coast 4 28° 55' 30.00" 82° 37' 05.88" 
Coast 5 28° 53' 30.01" 82° 44' 29.76" 
Coast 6 28° 53' 30.01" 82° 42' 29.88" 
Coast 7 28° 53' 29.76" 82° 40' 30.00" 
Coast 8 28° 51' 29.88" 82° 44' 30.12" 
Coast 9 28° 51' 29.88" 82° 42' 29.88" 
Coast 10 28° 53' 30.01" 82° 39' 29.88" 
 
 
 
 
Table 2.6. Latitude, longitude and site identification (SID) numbers for Lakes and river sites. 
 
 
 
 
 
Lakes and rivers SID # Latitude Longitude 
Inglis Dam Upstream-Lake 
Rousseau 22954 29° 00' 27.40" 82° 36' 56.10 
Lake Rousseau #1 22985 29° 01' 16.30" 82° 34' 44.70" 
Lake Rousseau S. Central 758327 29° 02' 00.00" 82° 36' 33.21" 
Lake Rush 23651 29° 02' 17.30 82° 28' 36.22" 
Tsala Apopka Lake, Hendersen  23479 28° 50' 39.94" 82° 19' 19.33" 
Tsala Apopka Lake, Hernando  23609 28° 54' 07.90"  82° 22' 28.50" 
With. River, Hwy. 41 23414 29° 02' 44.37" 82° 27' 53.10" 
With. River, Hwy. 44 23033 28° 51' 07.94"  82° 13' 11.32" 
With. River, NR Holder 22927 28° 59' 19.57" 82° 20' 58.40" 
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Figure 2.3. Distribution of sampling locations for springs (blue squares) and surface 
waters (KBS, green circles) in Kings Bay. All samples taken in Kings Bay were at low 
tide. Bottom panel depicts residential area in the northeast and natural swamp area in 
the southwest. Retention pond is directly to the north of Three Sisters #1 and Idiots 
Delight Spring. 
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Figure 2.4. Distribution of well, Coast, and lake and river stations. Solid lines are potentiometric 
lines and the dashed line delineates the approximate boundary of the springshed. 
 
but not in 2010. Nine surface water samples were taken from Tsala Apopka Lake, Lake 
Rousseau, and the Withlacoochee River, which border Citrus County to the north and east. 
These were only sampled in June and October 2011 and are referred to as “lakes and rivers.”  
Ten Crystal River Coast sites close to the Kings Bay estuary were sampled in conjunction with 
the spring samples in October 2010, January 2011, August 2011, and October 2011, and these 
will be referred to as Coast sites. These were sampled in collaboration with another SWFWMD 
project and FDEP, and author had no control of sampling time; therefore, tidal stage was not 
consistent in Coast site sampling. See Figure 2.4 for sampling spatial distribution and Figure 2.5 
for sampling frequency. 
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Sample collection methods 
Samples were pumped through a 0.45µm cellulose acetate filter paper using a tripod filter.  A 
Yellow Springs Instruments (YSI) multiprobe was used to measure pH, specific conductance, 
dissolved oxygen, and temperature on site. Samples were collected in 250 ml pre-combusted 
(450 °F, 4-10 hours) amber glass bottles with Teflon lined caps. All sites, with the exception of 
Coast sites, were sampled by SWFWMD employees and transported to Tampa SWFWMD 
office on ice. They were stored in a refrigerator until samples were picked up for transport to the 
USF Marine Spectrochemistry Lab, where they were stored refrigerated at 41°F until analysis 
within two days of sample collection. After analyses samples were stored frozen. 
Coast (1-10) samples were collected for SWFWMD by the University of Florida, through a 
project that monitors water quality along Florida’s spring coast. Samples were filtered through a 
0.45µm Whatman GFF filters. In situ parameters measured included temperature, salinity, 
dissolved oxygen, pH, and Secchi depth. The same post-sampling handling procedure was 
used as mentioned above. 
CDOM fluorescence analysis 
EEMS measurements were performed using a Horiba Jobin Yvon Inc. Fluoromax II (2010) and 
Fluoromax IV (2011) spectrofluorometer with a 450 W Xe lamp and single excitation and 
emission monochromators according to Coble (1996). To avoid inner-filter effects, samples with 
absorbance values above 0.02 m-1 at 300 nm were diluted according to Green and Blough 
(1994). EEMs were generated by scanning emission spectra from 250 to 710 nm and 290-710 
nm (January and October 2011) at 2 nm increments at 5 nm increments of excitation from 220 
to 455 nm (2010), 235-455 nm (January and October 2011) and 255-455 (April and July 2011) 
using an interval of 0.5 seconds (Coble 1996).  
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Post-processing of EEMs was conducted using Galactic Industries’ Grams 32 software (2010), 
Horiba Jobin Yvon Inc. Origins (2011), and MathWorks Matlab 2011b (2011). A Milli-Q blank 
EEM (determined weekly) was subtracted from each sample EEM and emission and excitation 
correction factors were applied to account for instrument-specific configuration (Coble et al., 
1993). Corrected EEMs were converted to units of quinine sulfate equivalents (QSE) in ppb 
using a standard dilution series according to Velapoldi and Mielenz (1980). 
The value of the overall maximum fluorescence in the peak C region is reported as Fmax and 
represents CDOM concentrations. Values for excitation and emission wavelengths at which Fmax 
occurred are reported as Exmax/Emmax. Values for peak AC, which represents the paired 
fluorophore of peak C, were taken at maximum emission at excitation wavelength 255 nm 
because it was the average excitation maximum for peak AC in the samples. In the 
determination of the AB:AC ratio, values for peak AB were taken at Ex/Em=255/302 nm due to the 
limit in excitation wavelength from EEMs in April and July 2011 quarters. 
DOM absorbance analysis 
Samples were allowed to attain room temperature before absorbance analysis, which was 
carried out between 200 and 750 nm using either a 1 or 10 cm quartz cuvette. A Hitachi U3300 
was used for analyzing the 2010 samples and a Hitachi U3900 for the 2011 samples. The 
absorbance spectrum of Milli-Q water was used as reference.  Samples were scanned three 
times and the averaged to acquire CDOM absorbance, ODCDOM (λ).  Absorbance values at each 
wavelength were converted into absorption coefficients (aCDOM (λ)) at a certain wavelength (λ), 
using the Beer-Lambert law and Equation 2.according to Kirk (1994): 
aCDOM (λ) =2.303*(ODCDOM (λ)/l)       (2.1) 
where l is the pathlength of the cuvette in meters. 
The absorption value at 312 nm, aCDOM (312), was chosen to quantify CDOM because this 
wavelength was close in value to Exmax of wells and springs. 
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Absorption coefficients were fitted to an exponential function by taking the natural logarithm of 
CDOM absorption. This was used to obtain the spectral slope parameter, S, from the linear 
least-squares fit of the resulting spectrum between 280 and 350 nm. The spectral slope is a 
measure of how the absorption exponentially decreases with increasing wavelength. This 
behavior can be modeled with an exponentially decreasing function shown in Equation 2.2 
(Jerlov, 1968; Lundgren, 1976; Bricaud et al., 1981). 
 aCDOM (λ) = aCDOM (λo) e-S(λo-λ)         (2.2) 
where aCDOM (λ) is the absorption coefficient, and aCDOM (λo) is the absorption coefficient at a 
reference wavelength, S (nm-1) is the spectral slope.  
Nutrient parameters 
The Florida Department of Environmental Protection Central Laboratory in Tallahassee, FL 
performed nutrient and chemical water quality analyses for the well samples. Water samples 
collected from springs, KBS, lakes and rivers were analyzed by the SWFWMD lab at the agency 
headquarters in Brooksville. Data were retrieved from Water Management Information System 
(WMIS), a resource data search system from SWFWMD. The following equations were used to 
calculate nitrogen parameters in wells:  
TN = TKN + NO3+NO2  (2.3) 
DON = TKN – NH4  (2.4) 
DIN = NH4 + NO3+NO2  (2.5) 
where TN is total nitrogen, TKN is Total Kjeldahl Nitrogen, NO3+NO2  is the combined nitrate 
and nitrite measurement, DON is dissolved organic nitrogen, NH4 is ammonium, and DIN is 
dissolved inorganic nitrogen. Measured parameters are in bold. 
The SWFWMD laboratory measured TN for springs, KBS, lakes and rivers; however, it did not 
measure TKN. Therefore equation 2.6 was used to calculate DON values for the springs, KBS, 
and LNR samples.  
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DON= TN – DIN          (2.6) 
where DON is dissolved organic nitrogen, TN is total nitrogen, and DIN is dissolved inorganic 
nitrogen. Equation 2.5 was used to calculate DIN concentrations for the springs, KBS, and LNR 
samples. Measured parameters are in bold. 
The University of Florida Processed Coast lab parameters and measured the following: TN, 
Total phosphorus (TP), chlorophyll, color, and light attenuation coefficient (Kd/m). DIN and DON 
were not calculated as there were no measurements for nitrate, nitrite, and ammonium. 
Results 
Rainfall and tides   
Monthly rainfall for Citrus County is depicted in Figure 2.5. Overall, there was more rainfall in 
2010 than in 2011. The ranges of monthly rainfall for 2010 and 2011 were 0.1-12.2 in. and 1.3-
8.6 in., respectively. Rainfall data show peaks in March and August for both years, with amounts 
greater than 8 inches, which is considered “very wet” according to the SWFWMD Hydrologic 
Report.  January 2010 (3.9 in), February 2010 (4.7 in), and January 2011 (4.2 in) were 
considered wetter than normal. June (4.7 in), July (6.0 in), September (3.2 in), December (0.8 
in) of 2010 and May 2011(1.6 in) were considered drier than normal. October 2010 (0.1 in) was 
considered very dry. This was the lowest monthly average during the two years of the study.  
Daily tidal maximum data from USGS were plotted for Bagley’s Cove and Mouth of Crystal River 
(Fig. 2.6). There was an annual trend in the two years, which was more evident at the Mouth of 
Crystal River than at Bagley’s Cove. Both showed an increase during the wet season and a 
decrease during the dry season. Springs and KBS sites were sampled at low tide. Tidal stage 
was not consistent for Coast sites. 
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Figure 2.5. Citrus County monthly mean rainfall and sampling frequency for 2010 and 2011 wet 
and dry seasons. 
 
Figure 2.6. Times series depicting the tide gauge (ft) at Bagley’s Cove and mouth of Crystal 
River (CR) from January 2010 to October 2011. Springs and KBS sites were sampled at low 
tide. 
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Table 2.7. Discharge rates for springs from 2009 (Serviss 2010). 
 
Spring 
Discharge Range 
(cfs) 
Average Discharge 
(cfs) 
Catfish 7.74-15.15 11.45 
Hunter 28.00-33.26 31.02 
Magnolia Circle 1.73-2.16 1.94 
Parker Island 1.39-2.06 1.77 
Tarpon Hole 40.38-45.68 42.83 
Jurassic 21.41-25.68 23.96 
Three Sister No.1 16.60-28.20 23.63 
Black 2.88-8.44 5.89 
Golfview 
Boathouse 18.95-20.46 19.71 
House 3.34-7.4 5.23 
Idiots Delight 2.40-6.70 4.84 
Millers Creek 0.96-4.12 2.54 
Sids 9.24-13.26 11.25 
 
Discharge rates from 2009 
Discharge data for the springs from a study in 2009 are listed in Table 2.7. The range of 
discharge for the twelve springs is 1.77-42.83 cfs. Tarpon Hole, Hunter, Jurassic and Three  
Sisters No.1 had the highest discharge rates (42.83-23.63 cfs). Parker Island, Magnolia Circle, 
and Millers Creek had the lowest discharge with a range of 1.77-2.54 cfs (Serviss, 2010a). 
Common EEMs for Kings Bay springshed samples 
Examples of commonly observed EEMs for samples collected as part of this study are depicted 
in Figure 2.7 and 2.8 (See Fig. 2.1 for peak names and positions). A complete set of EEMs is 
included in Supplemental File “EEMs_KB_ arellano_2013.pdf.” Optical data for all sites are 
shown in Appendices A to E. All samples from all sites showed the presence of the two humic-
like peaks AC and C, indicating that there were measureable levels of CDOM from natural 
  
 
33 
organic matter in all samples. Peak AC fluorescence was always higher than peak C 
fluorescence (Coble, 1996). 
The following springs showed protein-like peak AB: Magnolia Circle, Jurassic, Parker Island, 
House, Three Sisters No.1, and Hunters Spring.  In October 2010, all springs samples except 
for Tarpon Hole Spring showed the presence of peak AB. In January 2011, the following springs 
peak AB dominated peak AC: Catfish, Magnolia Circle, and Jurassic Springs. In April 2011, 
Jurassic and House Springs EEMs were dominated by peak AB, while Millers Creek Spring had 
comparable intensities between AB and AC. 
All KBS sites had protein-like peaks T and AT and two samples showed protein AB in October 
2010. Some EEMs from stations KBN 1 and 2 were dominated by either peak AT or AB. For all 
other sites, peak AC dominated fluorescence. Intensities of protein peaks were highest in KBN 1, 
2, and 3. KBN 1 and KBN 2 (Fig. 2.7; top middle) showed a strong intensity of peak T in all 
quarters. KBN 3 had a strong presence of peak T in all quarters except January 2011. 
The following wells showed the presence of AB, B and T peaks in 2010: SID 20175 (Fig 7; top 
left), 21012 and 20975. In 2011 the following wells had protein peaks AB, AT, B or T: SID 20175, 
21012, 20078, and 20969.  Well 20175 (2010) showed peak AB with similar fluorescence 
intensity to peak AC. In addition, six wells from 2010 and one from 2011 showed non-humic-like 
fluorescence peaks at low excitation: SID #20142, 20172, 20180, 21006, 23440, 20075, and 
SID #20080 (2011).  Two wells, 21006 and 20075, were tested for synthetic hydrocarbons and 
pesticides and there was no evidence of contamination from these substances (Dave Dewitt 
pers. comm.). 
The highest Fmax value for wells was seen in SID 23591 (180 QSE, peak C). The lowest Fmax 
value in the well sites was for SID 20078 (0.5 QSE). The presence of non-humic fluorescence 
peak was better resolved in 2010 than in 2011. Therefore, the non-humic peaks appear to be 
more prevalent in wells from 2010.  
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Coast sites from 2010 also showed the presence of small amounts of protein peaks B or 
AB; however, concentrations of peak C were much higher than those of KBS sites.  
Samples from 2011 did not show peak AB because data were not collected below 
Ex=255. Of the lakes and river sites, only Lake Hernando showed peak AB. These 
samples had extremely high fluorescence from peaks AC and C, which could possibly 
have overpowered or absorbed any protein-like fluorescence. 
Exmax vs. Emmax  
Variations in the position of the fluorescence maximum in the peak C region are an indication of 
chemical composition and source of CDOM (Coble, 1996). Peak C positions for all samples are 
shown in Figure 2.9. Spring sites showed a wider range in Exmax/Emmax (305-330/410-440 nm). 
All the spring sites sampled in 2010 had a similar composition, with Exmax/Emmax = 320-330/425-
430 nm, while spring sites from 2011 had a broader Exmax/Emmax range, 305-330/414-440 nm. 
KBS samples had a wide range in both excitation and emission maxima and overlapped values 
observed in spring and Coast sites (Exmax/Emmax = 320-335/420-435 nm). There were three 
outliers that corresponded to KBN 2, from May 2010 (345/447 nm), October 2010 (350/450 nm), 
and July 2011 (355/452 nm). Lakes and rivers samples showed a very narrow range in 
composition with Exmax/Em max = 305/425-430 nm. Coast sites showed Exmax/Emmax values of 
300-330/416-435 nm, and sites from 2010 (October) had higher Exmax range (325-330 nm) than 
sites from 2011 (300-310 nm). Wells sites showed a small range in Exmax (320-330 nm) but a 
wide range of Emmax, (405-435 nm), with the exception of two sites in 2010 that fell outside this 
range: SID 20175 (Exmax/Emmax = 295/412 nm) and SID 22906 (Exmax /Emmax = 330/448 nm). 
Variability in position of peak C between wet and seasons were not observed (Figure 2.not 
shown). Overall, Emmax was a better discriminator of site type than was Exmax; however, there 
was a significant amount of overlap for all sites. 
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Figure 2.7. Contour EEMs representing three sites: springs (left), Kings Bay surface (KBS, middle), and wells (right). Top panels 
shows contour EEMs with protein peaks: Hunter Spring from July 2010, surface water site KBN 2 from May 2010, and well site SID 
20175 from 2010. Bottom panels depict EEMs contour plots with dominating humic peaks: Tarpon Hole Spring, surface water site 
KBC 7 in May 2010, and well site SID 20112 from 2010. A complete set of EEMs is included in Supplemental File 
“EEMs_KB_arellano_2013.pdf.” 
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Figure 2.8. Contour EEMs representing three sites: wells (left), lakes and rivers (middle), Coast (right). Top left panel is well SID 
22906 in which peak C is red shifted (Exmax/Emmax =330/448 nm, 43 ppb QSE). Bottom right panel shows EEMs of well SID 20075 in 
which peak C is blue shifted (Exmax/Emmax=325/405 nm, 4 ppb QSE).  Middle panels show the variation in chemical composition 
among the lakes and rivers. Right panels show Coast 4 (top), which is at the mouth of the Crystal River and Coast 5 (bottom), which 
is the most western site in the middle transect. A complete set of EEMs is included in Supplemental File 
“EEMs_KB_arellano_2013.pdf.” 
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Figure 2.9. Comparison of Exmax vs. Emmax of fluorescent peak C for springs (top-left panel), Coast stations (top-right panel), Kings 
Bay surface (KBS) and lakes and rivers stations (bottom-left panel), and well sites (bottom-right panel). Maxima for excitation and 
emission were similar across all site types, except that the lakes and rivers samples had blue-shifted excitation maxima relative to 
the other sites. Black circles denote sites that have EEMs in Figures 2.7 and 2.8.
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Fmax vs. Emmax 
The relationship between Fmax and Emmax provided better discrimination among sites (Fig. 2.10).   
The highest Fmax values were seen in lakes and rivers sites (68-490 ppb QSE), followed by 
Coast sites (9-62 ppb QSE).  Wells overlapped the latter sites, showing a wide range in Fmax 
values of 0.5-180 ppb QSE, although half of the well sites had values less than 2 ppb QSE. The 
highest Fmax values in the wells were observed in some of the wells within close proximity to 
Kings Bay, Lake Tsala Apopka and the Withlacoochee River. The well close to Kings Bay in the 
west of the springshed was influenced by CDOM from saltwater intrusion. The wells in the east 
of the springshed in close proximity to Lake Tsala Apopka and Withlacoochee River were 
influenced by the high CDOM from the lakes and rivers. Springs showed smaller values and a 
smaller range (0.7-40.0 ppb QSE) than the wells. Northern springs, with the exception of 
brackish Millers Creek Spring, had a range of 0.7-6.0 ppb QSE, while the southern springs, had 
higher values, ranging from 9.0 to 40.0 ppb QSE. KBS sites had a narrow Fmax range, 1.0-17.0 
ppb QSE, between the value for the northern and southern springs. KBS 12 had the highest 
average Fmax value (13.8 QSE), and KBN 2 had the lowest average Fmax value (1.9 QSE). 
Typically an increase in fluorescence intensity will result in an increase in Emmax due to 
intermolecular interaction of molecules. Higher intensities indicate more concentration; 
therefore, more energy is lost due to intermolecular interactions causing the Emmax position to 
be at longer wavelengths. Only the springs sites showed a significant positive correlation 
between Fmax and Emmax (R2=0.37, p<0.002; Table 2.8); however, based on these two 
properties, southern springs appear to be similar to the Coast samples and northern springs 
appear to be similar to the wells. KBS samples are intermediate between northern and southern 
springs, suggesting they are a mixture of these two water sources. The blue-shifted Emmax 
observed in the Coast samples is typical of coastal marine waters, in which productivity  
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Figure 2.10. Fmax of peak C versus Emmax for all stations. Top panel has Fmax of 600 QSE and 
bottom panel has Fmax of 20 QSE. Although there was a general trend of increasing emission 
maximum with increasing Fmax, the correlation for springs was the only one that was statistically 
significant (p<0.01). 
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Table 2.8. The correlations and p-values for Fmax, Emmax, aCDOM (312), Color, TOC, and salinity. 
KBS are Kings Bay surface sites, and blue font represents correlations that are significant 
(p<0.05). 
Parameters/Site n R2 probability p- value 
Fmax vs. Emmax     
Springs 2010 26 0.33 0.57 0.433 
Springs 2011 34 0.42 0.99 0.007 
Springs Total 60 0.37 1.00 0.002 
KBS 2010 24 0.25 0.89 0.109 
KBS 2011 48 0.00 0.51 0.494 
KBS Total 72 0.05 0.68 0.323 
KBS Total 72 0.08 0.75 0.249 
Wells 2010 27 0.12 0.75 0.249 
Wells 2011 26 0.15 0.78 0.218 
Wells total 53 0.12 0.81 0.194 
Lakes and rivers 18 0.00 0.51 0.494 
Coast 2010 10 0.04 0.54 0.456 
Coast 2011 30 0.01 0.58 0.425 
Coast Total 40 0.00 0.50 0.500 
Fmax vs. aCDOM (312)     
Springs 60 0.70 1.00 0.000 
KBS 70 0.74 1.00 0.000 
Coast 40 0.71 1.00 0.000 
Wells 47 0.89 1.00 0.000 
Lakes and rivers 18 0.52 0.98 0.016 
aCDOM (312) vs. 
Color     
Springs 60 0.97 1.00 0.000 
KBS 70 0.96 1.00 0.000 
Coast 40 0.78 1.00 0.000 
Wells 47 0.77 1.00 0.000 
aCDOM (312) vs. TOC     
Springs 60 0.95 1.00 0.000 
KBS 70 0.81 1.00 0.000 
Wells 47 0.81 1.00 0.000 
Fmax vs. Salinity     
Springs Total 60 0.80 1.00 0.000 
KBS Total 72 0.76 1.00 0.000 
aCDOM (312) vs. 
Salinity     
Springs 60 0.46 1.00 0.000 
KBS 70 0.28 0.99 0.010 
Coast 40 0.18 0.87 0.127 
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can produce additional humic-like fluorescence peaks M and AM (Fig. 2.1; Table 2.1).  In a few 
rare instances, both M and C peaks have been observed (Coble 1996); however, most 
commonly the result is an unresolved mixture of the two components having an emission 
maximum at slightly shorter wavelengths (blue-shifted) relative to peak C.  
Fmax vs. well depth 
Fmax and case well depth have been used previously to distinguish between aquifers in the 
Tampa Bay region (Conmy, 2008). No trend between Fmax and well depth referenced to sea 
level (Table 2.4) was observed for this study (Fig. 2.11). There was a wide range in depth for 
wells with Fmax values lower than five ppb QSE. Although no trend was observed, it was 
interesting that two well sites north of Crystal River, which were sampled at the same place but 
at different depths, showed distinct salinity and CDOM concentrations. The shallow (SID 20173, 
48 ft.) well had a lower Fmax value (20.2 ppb QSE) and lower salinity (0.41) than the deep well 
(SID 20172, 168.5 ft, 45 ppb QSE, 8.7), which is in the saline groundwater interface. There is 
also significant difference in other water chemistry parameters (Dave Dewitt, pers. comm.).  
 
Figure 2.11. The relationship between Fmax and well depth referenced to sea level, 2010 and 
2011. No trend between Fmax and well depth referenced to sea level was observed. 
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Also, two wells in close proximity to Lake Tsala Apopka (SID #23595 and 25391) had the 
shallowest depths and highest Fmax values, possibly indicating connectivity with lake waters. 
Other than these four wells, the expected discrimination of well depth based on Fmax was not 
found in the Kings Bay well samples and could be due to the unconfined Upper Floridan aquifer 
and limited surficial aquifer.  
Fmax vs. aCDOM (312)  
In addition to collecting fluorescence data, absorption was recorded at aCDOM (312) from the 
absorption spectrum of the each samples. The highest values for aCDOM (312) were seen in 
lakes and river sites (24.4-149.7 m-1). Four well samples (26.7-66.1 m-1) overlapped the lower 
range of lakes and river sites. The Coast sites had lower absorption than the lakes and rivers 
(3.9-16.8 m-1). Concentrations of aCDOM (312), in KBS samples were 0.5-11.8 m-1. Spring sites 
had a range of 0.18- 5.3 m-1, with the exception of Millers Creek Spring sample from July 2011 
which had a value for aCDOM (312) of 13.3 m-1. Since fluorescence and absorbance are both 
used to assess CDOM concentrations, it is expected that there should be a positive relationship 
between these two parameters.  This is generally true for this data set (Fig. 2.12), and the 
correlation was statistically significant (p<0.02; Table 2.8). However, each type of site displays a 
slightly different trend.  The lakes and river sites showed a higher than expected level of 
variability, since the relationship has generally been found to be strongest in freshwater 
environments. This high variability may be due to the fact that the lakes and river extend over a 
large area, and there are differing land use adjacent to the various lake and river sites.  The 
different slopes and correlations among the sites indicate variations in chemical composition, 
either due to source or transformations such as photobleaching and biological activity.  The ratio 
of fluorescence intensity to absorption (F/a) is an indicator of the relative fluorescence efficiency 
of the CDOM in a water sample (Miller et al., 2002).  Higher values are found in recently 
produced CDOM and in marine samples, while lower values are found in terrestrial CDOM and 
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Figure 2.12. Fmax vs. aCDOM (312) for all sites. Bottom panel depicts sites with Fmax up to 50 ppb 
(QSE). All correlations are statistically significant (p<0.02). A positive correlation between Fmax 
vs. aCDOM (312) is typical of general observations from other sites.  Fluorescence efficiencies 
(F/a) are highest in springs and lowest in Kings Bay surface samples. 
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material that has been photobleached, since fluorescence is destroyed by sunlight faster than 
absorbance (Kouassi and Zika, 1990; Kouassi et al., 1990; De Haan, 1993). The spring samples 
that fall above the regression line with high Fmax were taken from Sids and Black Springs, while 
the three samples that fell below the regression line were from Millers Creek Springs. 
S vs. aCDOM (312) 
The spectral slope parameter, S, is often used in biogeochemical studies to distinguish between 
different sources of CDOM, especially terrestrial versus marine organic matter (Kowalczuck et 
al., 2006; Astoreca et al., 2009).  The range of wavelengths over which S is evaluated greatly 
affects the results (Conmy, 2008), but chemical differences are accentuated when the blue end 
of the spectrum is used.  Low values of S are generally associated with land-derived CDOM, 
while higher values are found in seawater and may also be due to photochemical degradation of 
the organic matter.   
Results for S between the range 280-350 nm versus absorption coefficient at 312 nm (aCDOM 
(312)) are shown in Figure 2.13. The lakes and river sites had a nearly constant value of S 
(0.014-0.017), indicating similarity in chemical composition despite a large range in CDOM 
concentration. The Coast sites had higher S (0.016-0.026), probably indicating the influence of 
mixing with the open waters of the Gulf of Mexico. KBS and springs had similar values of S 
(0.009-0.026), which extended across the range for Lakes and rivers and Coast samples. This 
would seem to indicate that these sites were influenced by both terrestrial and marine sources 
of CDOM. The wells showed very high variability in both S and aCDOM (312). One group 
appeared similar in distribution and composition to the KBS and springs, but a second group 
were found to have anomalously low values of S. These low values were from wells with high 
absorption coefficient values and most of the wells that appeared to have non-humic signatures. 
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Figure 2.13. S (280-350 nm) vs. aCDOM (312) (m-1) for all sites in 2010 and 2011. Lakes and river 
sites had little variation in slopes (0.015 nm-1). Springs, Kings Bay surface (KBS), and wells had 
more variation, spanning the range typically observed for terrestrial and marine values. 
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aCDOM (312) vs. color 
Color determination is a frequently used parameter in water quality studies. Color was 
measured using method SM 2120B, which is a visual comparison for the sample with a platinum 
cobalt standard where one mg/L of platinum produces one unit of color.  Significant positive 
correlations were found for all sites (R2=0.77, p<0.001; Table 2.8). The regression for springs, 
KBS and Coast sites had similar slopes (Fig. 2.14).  Overall, aCDOM (312) was a highly accurate 
predictor of color. 
aCDOM (312) vs. TOC 
CDOM concentrations measured as aCDOM (312) were also highly correlated with TOC for 
springs and KBS samples (Fig. 2.15; Table 2.8).  The presence of numerous well samples 
having a concentration of 1 mg TOC/L would seem to indicate that this is the lower limit of 
detection of TOC for the lab that analyzed the well data. However, there is clearly a positive 
relationship between aCDOM (312) and TOC.  The relationship for springs and KBS were similar, 
indicating that CDOM composition is fairly uniform across the spring fed-estuary system and 
that aCDOM (312) is a useful indicator of TOC.  
Fmax vs. salinity 
Spring sites showed a salinity range of 0.01-8.3. Northern springs (except Millers Creek Spring) 
had a range of 0.01-1.78, while KBS samples had a salinity range of 0.1-4.0. Coast samples 
had salinity of 2.5-26.2.  Well samples generally had low salinity, with the exception of the two 
samples from SID 20173 in 2010 and 2011. 
Coastal areas typically show a negative relationship between Fmax vs. salinity, since freshwater 
is the largest source of CDOM in nearly all coastal areas. However, the springs and KBS sites 
showed a positive correlation between Fmax and salinity (R2=0.80 and R2=0.76, respectively, 
p<0.001; Figure 2.16; Table 2.8). No trend was found between Fmax and salinity among the  
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Figure 2.14.  Absorption coefficient a wavelength 312 m-1 vs. color for springs, Kings Bay 
surface (KBS), Coast, and wells 2010 and 2011.  All correlations are statistically significant 
(p<0.001). 
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Figure 2.15.  Absorption coefficient (aCDOM (312)) vs. color for springs, Kings Bay surface (KBS), 
and wells. Bottom panel depicts sites with aCDOM (312) up to 16 m-1. Wells had detection limit of 
1 mg TOC/L. Correlations are statistically significant (p<0.001). 
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Figure 2.16. The relationship between Fmax and salinity for springs and Kings Bay surface (KBS) 
sites illustrates a positive relationship. The springs’ regression excludes Millers a Creek Spring 
sample that had high CDOM. KBS’ regression excludes sites 11, 12 and four sites in October 
2011 that had high salinities compared to other quarter. Correlations are statistically significant 
(p<0.001).  The positive trend is not typical of most estuarine systems, which generally show a 
very strong negative trend, as CDOM originates from terrestrial, freshwater sources. 
 
Coast stations (Fig. 2.17). In the northern transect, Coast 3 and 4, which are located along 
Crystal River, had the lowest salinity and Fmax values, while southern transect (Coast 8, 9 and 
10) and sites located farther offshore had higher salinity and Fmax values.  
These results indicate that in this estuary, the source of CDOM (high Fmax values) is not the 
freshwater from the springs, but CDOM is derived from coastal waters adjacent to Kings Bay.  
The high CDOM in the coastal waters is likely derived from rivers other than the Crystal River 
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aCDOM (312) vs. salinity 
As expected, the relationship between aCDOM (312) and salinity was similar to that of Fmax and 
salinity (Fig. 2.17), although Fmax showed stronger relationship with salinity. Springs and KBS 
had significant correlations (R2=0.46, R2=0.50). Wells and Coast did not show a correlation but 
the trend of increasing aCDOM (312) values with increasing salinity was observed. The positive 
relationship between CDOM, measured as both Fmax and aCDOM (312), and salinity was not 
expected. CDOM appears to be coming into Kings Bay with higher salinity water from the 
offshore Coast sites. Source of CDOM of the Coast sites is from riverine mixing and marsh 
outwelling. 
Springs sites showed little, if any, seasonal variability in the relationship between Fmax and 
salinity. Dry season (January and April) appeared to have lower Fmax value at any given salinity 
than the wet season (July and October; Figure not shown). The highest values in each quarter 
were sampled at Tarpon Hole.  Seasonal variability in the relationship between Fmax and salinity 
in KBS sites was higher than for the springs, primarily due to higher values for both parameters 
in October 2011. There are insufficient data to determine if this truly represents a seasonal 
change or if it is just normal variability between samplings. 
 DIN vs. salinity 
The DIN concentration range for northern springs (salinity < 1.9) was 0.19-0.64 mg DIN/L, and 
the range in southern springs (salinity > 1.9) was 0.15-0.32 mg DIN/L (Fig. 2.18). DIN was 
mostly comprised of nitrate. Nitrate and ammonium were negligible in most sites (See section 
Fmax vs. DIN for exceptions). Springs appear to have a minimum concentration of approximately 
0.15 mg/L across all salinities. The USEPA’s proposed numeric nutrient criteria for nitrate in 
Florida’s springs is 0.35 mg nitrate-N/L. DIN values for KBS samples (0.01-0.42 mg DIN/L) were 
lower than those of the springs. Wells had a wide range in DIN (0.01-0.90 mg DIN/L).  
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Figure 2.17. Fmax (top) and absorption coefficient (aCDOM (312); bottom) vs. salinity for all sites. 
All regressions are statistically significant (p<0.01) except Coast sites. Black box delineates a 
group of samples that share similar salinity and Fmax despite dissimilarity in site type and 
geographic location.  
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Figure 2.18. DIN vs. salinity for springs, Kings Bay surface (KBS), and wells in 2010 and 2011. 
Red oval encompasses the southern springs (top panel). Bottom panel depicts sites with salinity 
up to three. A negative relationship is seen in the northern springs and KBS sites. Overall, KBS 
sites had lower DIN values than springs. 
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A negative correlation was observed between DIN and salinity for the northern springs and the 
KBS sites indicating that the DIN is not coming from mixing with coastal water in Kings Bay, but 
rather is present in the aquifer and enters from spring flow.  Consistently lower DIN 
concentrations in KBS samples at salinities comparable to the spring sites may be due to loss of 
DIN from biological uptake by phytoplankton once the spring water reaches the euphotic zone.  
DIN concentrations in the southern springs are consistently lower than in the northern springs 
and also are independent of salinity.  These results suggest that the salinity and DIN in the 
southern springs have a common source, but direct comparisons cannot be made with Coast 
data because DIN concentrations were not analyzed.  This will be discussed in greater detail 
below in the TN vs. Fmax section. 
DON vs. Salinity 
In contrast to DIN, KBS had higher DON values (0.01-0.19 mg DON/L; Fig. 2.19) than the spring 
samples at comparable salinities (0.00-0.095 mg DON/L). Southern springs had higher DON 
values (0.009-0.095 mg/L) than northern springs (0.00-0.006 mg DON/L). The concentration of  
DON in the southern springs was an order of magnitude lower than DIN values. The range of 
DON values for wells was 0.03-0.43 mg DON/L. High DON may be indicative of input of natural 
organic matter either from surface runoff or exchange with and the seawater that has mixed with 
waters in the aquifer below the southern springs. The characterization of low DIN and high DON 
of KBS sites could be due to phytoplankton uptake DIN and DON released by primary and 
secondary productivity processes.  
Fmax vs. DIN 
A significant negative correlation between Fmax and DIN was observed for northern springs 
(R2=0.51, p<0.001; Fig. 2.20; Table 2.9) and for the KBS sites (R2=0.50, p<0.001; Fig. 2.20; 
Table 2.9). The high Fmax and low DIN KBS samples were collected in the outer region of  
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Figure 2.19. DON vs. salinity for spring, Kings Bay surface (KBS), and well sites sampled in 
2010 and 2011. Red oval encompasses the southern springs (top panel). Bottom panel depicts 
sites with salinity up to three. KBS sites had higher DON values than springs.  
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Figure 2.20. Fmax vs. DIN for spring, Kings Bay surface (KBS), and well sites sampled in 2010 
and 2011. Red oval encompasses the southern springs (top panel). Bottom panel depicts sites 
with Fmax up to 40 (ppb QSE), and northern and southern springs are differentiated. KBS, 
northern springs, and southern springs had a statistically significant correlation (p<0.01).  
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Kings Bay (higher salinity) where the influence of springs was less pronounced than that 
of adjacent coastal waters.  A significant positive correlation between Fmax and DIN was 
observed for southern springs (R2=0.74, p<0.005; Fig. 2.20; Table 2.9).  The southern 
springs had high CDOM and low DIN concentrations of approximately 0.2 mg DIN/L, 
while the northern springs all had low CDOM and high DIN concentrations in excess of 
0.4 mg DIN/L. Thus, the northern springs are a greater source of DIN in the Kings Bay 
system. Additionally, with the exception of Tarpon Hole Spring, the discharge rates of 
the northern springs are higher than those of the southern springs.  
Wells had a wide range of DIN values. There were three well samples at two sites that 
had high CDOM and high DIN: SID 23591 and SID 23595 (Fig. 2.20).  In both cases, the 
high DIN was nearly all comprised of ammonium, in contrast to the others samples 
which all showed the dominance of nitrate as the primary component of the DIN.  These 
two wells were on the extreme eastern side of the study area and likely did not influence 
the chemistry of the springs.  It should be noted that one spring sample, Millers Creek 
Spring July 2011, showed DIN comprised of 30% ammonium. 
Fmax vs. DON 
A significant positive correlation was found between Fmax and DON for all sites when years are 
combined, (Figure 2.21; Table 2.9). The positive relationship of Fmax and DON across all sites 
indicates both properties are associated with naturally-occurring CDOM from surface runoff and 
mixing with lakes and rivers. DON is higher in Kings Bay surface waters than in the springs, 
indicating that the nearshore waters outside the Bay are a source of both DON and CDOM. 
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Table 2.9. Correlations and p-values for Fmax, DIN, DON, and TN. KBS are Kings Bay surface 
sites, and blue font represents correlations that are significant (p<0.05). 
Parameters/Site n R2 probability p- value 
Fmax vs. DIN    
Springs 2010 26 0.10 0.69 0.305 
Springs 2011 34 0.16 0.82 0.180 
Springs Total 60 0.13 0.84 0.161 
Northern Springs 40 0.51 1.00 0.001 
Southern Springs 12 0.74 0.99 0.005 
KBS 2010 24 0.39 0.97 0.028 
KBS 2011 48 0.50 1.00 0.000 
KBS Total 72 0.45 1.00 0.000 
Wells 2010 27 0.17 0.81 0.189 
Wells 2011 26 0.12 0.73 0.272 
Wells Total 53 0.14 0.79 0.207 
Fmax vs. DON    
Springs 2010 26 0.16 0.80 0.205 
Springs 2011 34 0.59 1.00 0.000 
Springs Total 60 0.37 1.00 0.002 
Northern Springs 40 0.00 0.00 0.500 
Southern Springs 12 0.74 0.08 0.500 
KBS 2010 24 0.16 0.78 0.222 
KBS 2011 48 0.30 0.98 0.018 
KBS Total 72 0.23 0.97 0.028 
Wells 2010 27 0.79 1.00 0.000 
Wells 2011 26 0.67 1.00 0.000 
Wells Total 53 0.70 1.00 0.000 
Fmax vs. TN     
Springs 2010 26 0.07 0.64 0.357 
Springs 2011 34 0.07 0.65 0.346 
Springs Total 60 0.07 0.70 0.300 
Northern Springs 40 0.49 1.00 0.001 
Southern Springs 12 0.40 0.92 0.084 
KBS 2010 24 0.24 0.88 0.118 
KBS 2011 48 0.37 0.99 0.005 
KBS Total 72 0.30 0.98 0.023 
Wells 2010 27 0.37 0.97 0.027 
Wells 2011 26 0.21 0.87 0.134 
Wells total 53 0.29 0.95 0.048 
Coast 40 0.43 1.00 0.004 
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Figure 2.21. A positive relationship between Fmax and DON for springs, Kings Bay surface 
(KBS), and wells in 2010 and 2011. Bottom panel depicts sites with Fmax up to 40 ppb (QSE).  
When both years were analyzed, correlations were statistically significant: Springs (R2=0.37, 
p<0.001, n=60), KBS (R2=0.23, p<0.03, n=72), and wells (R2=0.70, p<0.001, n=53). 
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Fmax vs. TN 
The magnitude of concentration of DIN and TN indicates that for samples with low CDOM (Fmax 
< 10 ppb QSE), TN is comprised to a large degree of DIN, not DON.  The northern springs 
again showed very high values, while southern springs were low (Fig. 2.22). DIN and DON data 
are not available for the Coast sites; however, TN concentrations ranged from 0.32 to 0.79 mg 
TN/L. The relationship between Fmax and TN was similar to that of Fmax and DIN for springs, 
wells, and KBS sites.  Statistically significant negative correlations were found for northern 
springs (R2=0.49, p<0.001, n=40) and Kings Bay surface (R2=0.30, p<0.02, n=72).  These 
findings indicate that the northern springs are a source of TN to Kings Bay and further, that this 
TN is largely DIN.  The TN concentrations in KBS samples are lower than in the northern 
springs, possibly as the result of uptake by phytoplankton once the spring waters reach the 
sunlit surface waters of the Bay. Significant positive correlations were found for wells (R2=0.29, 
p<0.05, n=53) and Coast (R2=0.43, p<0.004, n=40). The positive relationship found in southern 
springs was not statistically significant, possibly because of the low number of samples (n=12). 
The similarity in both trend and values within the group of samples from all sites having Fmax>10 
ppb QSE would seem to indicate that these samples share a common source of both CDOM 
and TN. Although DON is relatively higher in the samples with high CDOM, the majority of the 
TN in these samples is still DIN.  However, the positive correlation between CDOM and TN 
indicates that the nitrogen source is entering with natural organic matter. As with the DON, the 
coastal waters offshore of Crystal River and the saltwater underlying and mixing with the aquifer 
appear to be a source of TN to the southern springs and to the Bay. 
Fmax vs. orthophosphate  
Springs had orthophosphate concentrations ranging from 0.02 to 0.035 mg PO4-P/L with 
no obvious trend with fluorescence intensity. The KBS sites showed the lowest  
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Figure 2.22. Fmax vs. TN for northern/southern springs, Kings Bay surface (KBS), wells and 
Coast from 2010 and 2011. Bottom panel depicts sites with Fmax up to 60 ppb (QSE). Northern 
springs, KBS, and Coast sites had statistically significant correlations (R2=0.49, p<0.001, n=40; 
R2=0.30, p<0.02, n=72; and R2=0.43, p<0.004, n=40). Southern springs’ correlation was not 
statistically significant because n=12 (R2=0.40, p<0.08). 
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concentrations with values of 0.010 to 0.028 mg PO4-P/L and had a significant negative 
correlation with Fmax (R2=0.26, p<0.01; Table 2.10). There was a significant positive correlation 
between Fmax and orthophosphate for well samples (R2=0.42, p<0.001; Table 2.10); however, 
this seemed to be driven by the samples with very high values of both parameters (Fig. 2.23). 
SID 23248 had the highest orthophosphate concentration of 0.36 mg PO4-P/L but a relatively 
low Fmax concentration (7.2 QSE ppb). These findings suggest that some of the wells are highly 
enriched in orthophosphate but this does not appear to be entering the springs or the Kings Bay 
surface waters. 
A closer examination of data from northern and southern springs shown in Fig. 2.24 is useful in 
determining the source of orthophosphate in the Bay. The northern springs showed a significant 
positive relationship between Fmax and orthophosphate while the southern springs showed a 
significant negative relationship. This is the opposite of the trend found for TN in these groups of 
springs.  The conclusion from this analysis is that the orthophosphate does not have the same 
source as the TN and DIN, but rather is derived from the same source as the CDOM, which is 
the outer estuary and the saltwater lens that supplies the saline southern springs.  
Fmax vs. DO 
Concentrations of DO were highest in Coast samples, with a range of 2.8-10.4 mg O2/L. 
However, the samples from January 2011 were significantly different than the other Coast 
samples, with higher DO and lower Fmax. The next highest concentrations of DO were observed 
in KBS which had a range of 3.2-10.0 mg O2/L. Lakes and rivers had a range of 1.2-8.3 mg 
O2/L, springs had a range of 2.0-7.0 mg O2/L, and wells ranged between 0.1 and 7.6 mg O2/L. 
There was a significant  
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Figure 2.23. Fmax vs. orthophosphate for springs, Kings Bay surface (KBS), and wells. Bottom 
panel depicts sites with Fmax up to 60 ppb QSE and 0.14 mg PO4-P/L). Correlations for KBS and 
wells are statistically significant (p<0.01). 
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Figure 2.24. The relationship between Fmax vs. orthophosphate concentration for springs 
samples divided by geographic location: northern, middle, and southern springs.  Middle springs 
group within the range of values of northern springs.  All correlations shown are statistically 
significant (p<0.01). 
 
negative correlation between concentration of DO and Fmax in Coast (R2=0.44, p<0.01; Fig. 2.25; 
Table 2.10). Springs, KBS, wells, and lakes and rivers showed no significant correlation.   
The relationship between Fmax and DO is shown in Figure 2.25. High DO concentrations can be 
derived from energetic physical mixing that introduces excess atmospheric oxygen, low 
temperature, or production by algal photosynthesis. It seems likely that the last of these would 
be the most important in Kings Bay; however, chlorophyll data were not collected. Low DO 
concentrations associated with input of large amounts of CDOM would seem to indicate that the 
CDOM source is not in close contact with atmospheric oxygen.  A DO value below 2 mg O2/L is 
considered to be hypoxic (Diaz, 2001), and one of the lakes and river samples was below this 
threshold.  
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Figure 2.25. Fmax vs. DO for springs, Kings Bay surface (KBS), wells, and Coast. Coast had a 
statistically significant negative correlation (p<0.001). 
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Table 2.10. Correlations and p-values for Fmax, orthophosphate, and DO. KBS are Kings Bay 
surface sites, and blue font represents correlations that are significant (p<0.05). 
Parameters/Site n R2 probability 
p- 
value 
Fmax vs. Orthophosphate    
Springs 60 0.18 0.92 0.08 
Northern Springs 40 0.41 0.99 0.01 
Southern Springs 12 0.70 0.99 0.01 
KBS 72 0.26 0.99 0.01 
Wells 53 0.43 1.00 0.00 
     
Fmax vs. DO     
Springs 60 0.00 0.50 0.50 
KBS 72 0.00 0.50 0.50 
Coast 40 0.44 1.00 0.00 
Wells 53 0.42 0.50 0.50 
Lakes and rivers  18 0.05 0.50 0.50 
 
This may indicate that the water was recently derived from soil porewaters and had not yet 
reached atmospheric equilibrium. The CDOM concentrations in lakes and river samples from 
June 2010 decreased with decreasing distance from the coast, so that the low CDOM high DO 
samples may have been influenced by the coastal waters of the Gulf of Mexico. In the case of 
the relationship for the Coast samples, low DO could indicate that the CDOM is derived from 
sediment porewaters or coastal swamps; whereas the high DO values may indicate 
phytoplankton production near the mouth of Kings Bay. Again, the reason for an apparent linear 
relationship between these two endmembers in the Coast sites is unclear.   
Discussion 
This study found that CDOM concentrations, as measured by both fluorescence intensity and 
absorption coefficient, provided discrimination among the various types of sites in Kings Bay 
watershed. As expected, lakes and river sites had the highest Fmax and aCDOM (312). Values for 
wells and KBS sites in this study were comparable to those of the Conmy (2008) study in 
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Tampa Bay.  Conmy (2008) reported Fmax values for wells to be between 3.57-116.98 ppb QSE 
and 1.07–40.55 for aCDOM (312) and surface water sites from Tampa Bay had a range of 5.33-
26.18 ppb QSE, which is comparable to KBS and two of the Coast sites.  
There was a significant positive relationship between Fmax and salinity, which was primarily the 
result of high CDOM and salinity coming into the Bay from offshore and mixing with the 
comparatively low CDOM and salinity of the springs. This is atypical of distributions in other 
estuarine areas, which almost universally show a strong negative correlation (Cabaniss and 
Shuman, 1987; McKee et al., 1999; Conmy, 2008). Also, some of the Coast sites showed high 
salinities (12.4-23.6) and Fmax values (33.6-62 ppb QSE), which is unusual for coastal areas.  
Conmy (2008) found that a salinity of 25 in Tampa Bay correlated with an approximate 
fluorescence of 26 ppb QSE, and the typical range in salinity and fluorescence was 25-35 and 
5.33-26.18 ppb QSE, respectively. Although there is no clear relationship between salinity and 
FDOM intensity for the Coast data, highest FDOM intensities are observed at salinities greater 
than 20 ppb QSE.  Some of the springs showed salinities as high as 9, which could not be 
attributed to mixing with coastal waters in the estuary, but rather is most likely due to intrusion of 
seawater into the groundwater reservoir.  These springs, Black and Sids Springs, are located in 
the south and have relatively low DIN. 
Although a positive relationship between CDOM and salinity was found in this study, the actual 
values observed at Coast sites were within the range previously reported in Conmy’s study for 
coastal waters of the West Florida Shelf region. Conmy (2008) found that typical coastal waters 
with a salinity of 24 had 55 ppb QSE and aCDOM (312) value of 18.5 m-1 compared with 60 ppb 
QSE and aCDOM (312) value of 14 m-1 in this study.  Thus, the unusual positive relationship 
between these two parameters is driven by the input of low CDOM water from the springs rather 
than from high CDOM concentrations in coastal waters.  The source of the CDOM in the Coast 
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samples is derived from other freshwater sources, such as rivers, discharging into the coastal 
waters of the West Florida Shelf, and to a lesser degree outwelling from the marsh wetlands. 
The position of the excitation and emission maxima was not a good discriminator among sites; 
however, there was a general trend of increasing Emmax with increase in Fmax at Emmax less than 
430 nm.  The order from lowest to highest values of both parameters was: wells, springs, KBS, 
Coast, lakes and rivers.  This is the expected sequence based on the observation from other 
systems that older, more humified CDOM from soils found in lakes and rivers typically has a 
longer emission maximum than the newer CDOM in marine systems (Coble 1996). The Kings 
Bay surface waters are highly influenced by flow from the springs, and thus reflect the low Fmax 
and Emmax of the groundwater.  In this study, the value of the Emmax of the lake and river 
samples, 420-430 nm, was lower than for most rivers in Florida (Conmy, 2008). This could be 
due photobleaching or influence from springs in the area. Rainbow River, which is spring-fed 
river discharges in to Lake Rousseau in the northern part of the springshed. 
As expected, there was a strong correlation between Fmax and aCDOM, both of which have been 
used as measurements of CDOM concentration. The order of the ratio between Fmax and 
absorption (F/a) was:  springs > Coast > lakes and rivers ~ wells > KBS.  Although there are no 
previous studies of F/a in a spring-fed system, the typical observation has been that terrestrial 
CDOM has a lower F/a than does marine CDOM, partially because marine CDOM is fresher 
and comprised of lower aromatic content and lower molecular weight molecules (Stabenau and 
Zika, 2004; Zanardi-Lamardo et al., 2004).  Given the relationship between Fmax and Emmax, it is 
surprising that a different sequence was observed for Fmax and aCDOM (312), with KBS and 
springs on opposite sides of lakes and rivers.   
Unlike the findings of Conmy (2008) in Tampa Bay, the relationship between Fmax and sea level 
adjusted well depth did not show a trend. This could be attributed to the unconfined Upper 
Floridan aquifer in the Kings Bay area (Jones and Upchurch, 1994) which is a different 
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hydrogeologic setting than Tampa Bay. The two wells close to the coast that were sampled at 
the same place but at different depths are both in the Upper Floridan aquifer.  The deep well 
had high Fmax values and high salinity, which fell within the same range as Black and Sids 
Springs and Coast sites. High Fmax values and high salinity in this well could be attributed to the 
position of the saltwater interface in the aquifer, which underlies the Bay.  
Fluorescence fingerprinting provided information about the concentration and chemical nature of 
the organic matter at the various sites sampled within and in the vicinity of Kings Bay. Southern 
springs in Kings Bay, wells, and lakes and river sites were dominated by natural CDOM as 
evidenced by the dominance of humic-like peaks, AC and C.  EEMs for these samples are 
similar to those for natural CDOM in the absence of major anthropogenic influences (Coble, 
1996). 
Several of the northern springs and all of the KBS sites showed the presence of protein-like 
peaks, such as B, AB, AT, and T, in addition to humic-like peaks.  There was a wide range of 
intensity of protein peaks in Catfish (0.73-15.88 ppb QSE), Magnolia Circle (0.44-6.28 ppb 
QSE), Three Sisters No.1 (1.66-9.6 ppb QSE) and Parker Island (1.66-7.4 ppb QSE).  The 
concentration of protein like peaks in low CDOM springs, Hunter (1.35-1.58 ppb QSE), Jurassic 
(0.87-2.71 ppb QSE) and House (0-0.37 ppb QSE), did not vary as much.  There were more 
frequent and higher values of protein peaks in Catfish Spring sites although it had lower DIN 
(0.31 mg DIN/L) than Hunter, Jurassic and House Spring (0.45-0.62 mg DIN/L). Catfish Spring 
has residential area in close proximity, and the area north of the residential area is naturally 
vegetated. North of the naturally vegetated area lies Crystal Mall and a large cleared area. It is 
possible that this natural cover has less influence from septic tanks and is acting as a buffer 
zone, thus the concentration of DIN is lower than the springs to the east.  Hunter, Jurassic, and 
House Springs have a more extensive residential area, both in close proximity and extending a 
greater distance away than does Catfish Spring. The far field septic tanks could be a source of 
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DIN, since previous studies have found nitrate as the only dissolved nitrogen species in 
monitoring wells down gradient from wastewater irrigated spray fields (Berndt, 1990; Katz et al., 
2009) and high nitrate in wells has been traced to onsite sewage treatment and disposal 
systems at Manatee Springs State Park, Florida (Harden et al., 2008). Idiots Delight and 
Golfview Boathouse Spring did not show the presence of protein peaks. The springs are not in 
close proximity to each other (Fig. 2.3). Idiots Delight Spring is in close proximity to Three 
Sisters No.1 Spring, and to the north of these springs there is an undeveloped land and 
retention pond. However, there is an extensive residential area to the south of Idiots delight and 
Three Sisters No.1 Springs. Golfview Boathouse Spring is in the southeastern part of Kings 
Bay. The residential area to the south is moderate and there is a golf course to the southeast of 
the spring. Although these springs, Idiots Delight and Golfview Boathouse Springs, did not show 
any protein peaks, it is important to note that these were only sampled once each year, making 
any further statements inconclusive.  
Sites KBN 1 and KBN 2 had especially high concentrations of peak T, and the concentrations of 
peak AB (Oct. 2010;one occurrence), AT, and peak T (6.5-17 ppb QSE) on some occasions 
exceeded that of peak AC, indicating unusually high concentrations of these protein-like 
fluorescence components. Site KBN 2 is in the cove in which Hunter, Jurassic and House 
Springs discharge. Site KBN 1 which showed intensity in T peak in all quarters except Jan. 2011 
is in the cove adjacent to KBN 2 and in close proximity to Catfish Spring.  KBN 3 which is south 
of KBN 1 in close proximity to Magnolia Circle Spring, showed high intensity of  peak T (5-6.5 
ppb QSE) in July and October 2011 when compared to the other quarters.  This lower 
concentration and frequency of peak T in KBN 3, compared to KBN 1 and 2, could be attributed 
to the location of KBN 3, which is closer to the mouth of Crystal River and has better circulation.   
Peaks T and AT are not typically found in non-polluted surface waters, which are typically 
dominated by humic-like fluorescence and rarely show protein-like fluorescence.  However, 
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peak T and AT have been found to be useful markers to track pollution from sewage outfalls 
(Baker, 2001; Baker et al., 2004; Hudson et al., 2008a).  The occurrence of peak T in KBN 1, 2, 
and 3 in higher concentrations than in the springs in these coves would seem to indicate some 
wastewater inputs directly into the surface waters.  The persistence of peaks B and AB, as well 
as the occasional occurrence of peaks T and AT in the northern springs points to these areas as 
ones of special concern and requiring additional monitoring. 
Springs can be divided by those located in the north or south of the study region. The northern 
springs were characterized by low CDOM, low salinity, high DIN, and low DON. The four springs 
with the highest DIN concentration were Hunter, Magnolia Circle, Jurassic and House Springs. 
The southern springs were characterized by high CDOM, high salinity, and low DIN and DON.  
Some exceptions to this characterization are Idiots Delight and Three Sisters No.1 Spring, 
located in the middle of the Bay, which had low CDOM and low DIN. Although Three Sisters 
No.1 showed the presence of some protein, overall these two showed characteristics expected 
of unperturbed groundwater, whereas the northern springs appear to have a pollution signal and 
the southern springs appear to have DIN from intrusion of seawater. 
Relationship between protein-like fluorescence and DIN 
The northern springs that had high DIN concentrations also showed the persistent presence of 
protein-like peaks B, AB, T, and/or AT, which have been attributed in past studies due to the 
influence of wastewaters (Baker, 2001; Hudson et al., 2008a; Henderson et al., 2009; Naden et 
al., 2010; Galinha et al., 2011).  To examine this potential association in more detail, the ratio of 
peak AB:AC was plotted versus DIN concentration (Fig. 2.26).  This parameter represents the 
relative intensity of the short wavelength component of the tyrosine-like component (AB) to that 
of the short wavelength humic-like component (AC). For consistency across both years, AB was 
measured at Ex/Em=255/302 nm.  A low ratio would be indicative of the predominance  
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Figure 2.26.  DIN vs. ratio of the intensity at Ex/Em=255/302 nm to AC.  All springs are depicted. 
Five springs had a ratio above one. 
 
of natural CDOM, whereas a high value would be indicative of elevated biological activity, either 
from bacteria in municipal wastewater or from primary productivity and zooplankton grazing. 
The springs with low DIN samples frequently had ratios below 0.12. The springs with high DIN 
(>0.35 mg DIN/L) had ratios above 0.12 except for one sample. This group is comprised of 
some of the northern springs, and in decreasing order of DIN concentration springs are 
identified as Hunter, Magnolia Circle, Jurassic, and House Springs. Catfish Spring (Jan. 2011) 
showed a ratio close to four.  Five samples showed a ratio higher than one: Catfish (2), 
Magnolia Circle, Hunter, and Jurassic Spring.  
Protein-like peaks were observed in several of the northern springs, all of the Kings Bay surface 
sites, and some of the well samples. The presence of protein-like peaks in samples from several 
sites is indicative of additional biological activity or wastewaters. The source of protein peaks in 
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the spring sites is likely due to wastewater influence, which is suggested by the high 
concentrations of peak AB and concentrations in excess of peak AC are cause for concern.  This 
situation occurred in July 2011 (Catfish and Jurassic Springs), January 2011 (Catfish, Magnolia 
Circle, and Jurassic Springs) and July 2010 (Hunter Spring). Figure 2.27 shows the example 
from January 2011 when the highest concentrations were observed. Concentrations ranged 
from 1.75 to 16 ppb QSE, with ratios of peak AB:AC fluorescence ranging from 1 to 4.  The EEM 
from Catfish Spring is highly unusual in that humic-like CDOM is negligible compared to protein-
like fluorescence. This sample most likely contained wastewater contamination. 
 
 
Figure 2.27. Springs with high protein peak, AB. Top panels are examples of EEMs with peak AB 
higher than AC. Bottom panel shows peak AB equal to AC. 
 
 
Despite the high concentration of protein-like peaks, the levels were variable. The concentration 
of DIN in each spring does not vary across all quarters. The variability in peak AB was not 
reflected in variability in DIN or TN (Fig. 2.28). This indicates that very little of the fixed nitrogen 
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in these springs is derived from the source of the protein-like fluorescence. Although the source 
might not be coming from the immediate area, as indicated by the protein peaks, DIN could be 
coming from septic systems not in the close vicinity in which nitrification has occurred or from 
fertilizers. There is minor retention, which allows it to be transported in large quantities. Even 
though fixed nitrogen in wastewater is mostly composed of ammonia and organic nitrogen, 
these are converted to nitrate in the upper part of unsaturated zone (Berndt, 1990). Although 
accumulation of DIN can also be influenced by agricultural fertilizers, it has been shown in a 
nutrient loading model that land use conversion from agricultural to residential uses increases 
wastewater disposal via on-site septic system and increases DIN (Valiela et al., 1997; Bowen 
and Valiela, 2001).  Katz, Griffin et al. (2009) found elevated nitrate concentrations in monitoring 
wells at the boundary of a spray field in the Wakulla Springs basin in northern Florida. 
Concentrations of nitrate decreased with distance down gradient from the spray field (Katz et 
al., 2009).  
 
Figure 2.28. DIN vs. intensity of protein peaks. Intensity for springs are from peak B while 
intensity for KBN 1-3 are from peak T except for the samples enclosed in blue and red circles 
which are intensities from AB or AT from October 2010. 
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Although the fluorescence intensity of springs and KBS samples at a salinity of 2 are similar, the 
KBS samples show lower DIN concentrations.  One possible explanation is that this is due to 
phytoplankton uptake during growth.  The opposite is true for DON, in that the concentrations at 
KBS sites are generally higher than in the springs.  This would seem to support the hypothesis 
that the DON is strongly associated with CDOM and therefore is coming from influx of natural 
terrestrial organic matter into the estuary, either from direct runoff or from mixing with coastal 
waters.   
Sources of TN, Orthophosphate, and Salinity in Kings Bay Springshed 
Our analyses have shown that the northern springs, on the eastern shore of Kings Bay, supply 
the inorganic fixed nitrogen to the Bay and the springs are the source of orthophosphate to the 
Bay.  What is striking about Figures 2.22 and 2.24 is that they appear to show two conservative 
mixing lines that intersect at an Fmax value of 5-10 ppb QSE.  This is exactly the value of CDOM 
observed for the Kings Bay surface samples collected in the western and southern regions of 
the Bay.   
Figure 2.29 shows the distribution among salinity, Fmax, and TN for springs, KBS, Coast sites 3 
and 4, and well SID 20173 (CR deep), which is north of Kings Bay.  Springs have been divided 
into northern, middle and southern groups. Kings Bay sites are divided into two groups, eastern 
and southwest middle. The eastern group is comprised of sites KBN 1-3 and KBS 8-10. KBN 1-
3 sites are in proximity to the springs with high DIN and TN and are in small coves adjacent to 
open Kings Bay waters.  The southwest middle groups is comprised of sites KBN 4-5, KBC 6-7, 
and KBS 11-12 and are in the more open waters of Kings Bay and near the brackish springs.  
The Fmax vs. TN data points for the Coast samples and well SID 20173 samples generally lie 
along the southern springs mixing line. The eastern KBS sites lie just above the northern 
springs mixing line, indicating that they are strongly influenced by the nearby springs, Hunter, 
Catfish, and House Spring. Those in the KBS southwest middle group lie at the intersection of 
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Figure 2.29. Distribution among salinity, Fmax, and TN for springs, KBS, Coast sites 3 and 4, and 
well CR deep well SID 20173. For top and bottom panel, the KBS southwest middle group lies 
at the intersection of the two springs mixing lines, indicating that they are influenced by both 
northern and southern springs.  The top panel shows the both mixing lines have a positive slope 
with a slight offset of 6 ppb QSE or 1 salinity unit.  
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the two springs mixing lines, indicating that they are influenced by both northern and southern 
springs.  The middle springs samples have both low Fmax and low TN, which indicates that these 
springs have not been influenced by either saltwater or pollution from fertilizer or wastewater. 
The middle panel of Figure 2.29 shows Fmax versus salinity for this same grouping of samples. 
Once again the distribution for eastern KBS samples is similar to that of the northern springs, 
and the distribution for southwest middle KBS samples falls between the two mixing lines. In this 
case, both mixing lines have a positive slope with a slight offset of 6 ppb QSE or 1 salinity unit. 
The reason for this offset is unclear, but it may be due to the influence of subterranean estuary 
water entering Kings Bay and mixing with surface waters along the course of the estuary. 
As expected, the relationships for salinity vs. TN for all sites follow those of Fmax vs. TN.  In this 
case, the southwest middle KBS samples appear to have lower than expected TN, which could 
possibly explained by phytoplankton uptake.   
These three parameters, along with orthophosphate, provide clear evidence that there are two 
distinct and separate sources of fixed total nitrogen in Kings Bay.  Both sources cause the 
concentration of DIN in springs to exceed proposed USEPA numeric criteria but one is caused 
by direct anthropogenic inputs and the other by seawater intrusion into the groundwater.  The 
level of DIN in the brackish springs can be affected by both anthropogenic factors, such as 
coastal eutrophication and groundwater extraction, as well as by natural factors, such as sea 
level change and climatic variability. Since Parker Island, Idiots Delight, and Three Sisters No.1 
Springs showed low CDOM and low DIN, these are the most pristine currently and provide a 
baseline for water quality for all the springs at that salinity. The southern springs are influenced 
by seawater while the northern springs are influenced by high DIN. 
Although there are a few number of previous studies, there is a general consensus that 
groundwater is a significant source of CDOM. My study suggests that groundwater may be a 
source in one area and a sink in other areas. 
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Conclusions 
Our study has provided a characterization of CDOM optical properties in water samples from 
five different types of sites: Kings Bay springs, Kings Bay surface water, wells, Kings Bay 
estuary (Coast), and lakes and rivers, and demonstrated the value of combining optical 
properties with chemical and physical properties to determine the source of high DIN in the 
springs.  The best optical indicator for discriminating among the site types was the relationship 
between Fmax and Emmax, primarily because of the similarity of CDOM composition within each 
type of site. The exception to this finding was with groundwater from the well sites, which 
showed as much variability as all the other sites combined. 
Fmax also was correlated with several of the environmental parameters, but these relationships 
illustrated large differences in chemical composition within the group of spring sites.  In 
particular, large differences were found in properties of northern and southern springs. These 
environmental parameters included salinity, DIN, DON, TN, and orthophosphate.  The two 
groups showed opposite distributions of these parameters. Northern springs were characterized 
by low CDOM, low salinity, high DIN, and high TN.  Southern springs were characterized by 
high CDOM, high salinity, low DIN, and low TN. In addition, correlations between CDOM and 
nutrients showed opposite trends in the two groups of springs.  Northern springs had a negative 
correlation with DIN and TN whereas southern springs showed positive trends.  Similarly, 
northern springs had a positive correlation between CDOM and orthophosphate, but southern 
springs showed a negative correlation.  Overall, this combination of parameters indicates 
different source waters impact the springs.  The northern springs appear to be affected by 
anthropogenic inputs of DIN.  The lowest CDOM and lowest salinity springs water have the 
highest DIN concentrations.  In the southern springs, CDOM, and nutrient concentrations are 
very similar to KBS samples with comparable salinities.  In these samples, the source of the 
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CDOM and nitrogen is thus the lens of saltwater that underlies and mixes with the freshwater in 
the Upper Floridan aquifer. 
Concentrations of orthophosphate are highest at an Fmax value of around 5 ppb QSE, thus its 
source seems to be somewhere in the estuary, not from seawater or wastewater from the 
northern springs.  This may possibly indicate input of orthophosphate from detergents from non-
point sources (Abbott and Garrison, 1971; Dixon, 2009). 
 The anomalous positive relationship between Fmax and salinity in springs and KBS was driven 
by freshwater input of springs with very low salinity and CDOM, in contrast to nearly all other 
riverine systems in which the low salinity endmember has the highest CDOM content.  However, 
some of the spring samples actually had higher than expected levels of salinity (up to 8), 
indicating that there is significant saltwater mixing in the groundwater that then flows out of 
these springs.  These high salinity springs have elevated levels of CDOM as well, which also 
appear to be coming from the saltwater mixing source in the coastal subsurface interface. 
Recommendations for future studies of CDOM in springs include in situ monitoring in the 
northern springs to resolve the tidal and temporal influences. Continuous discharge 
measurements at these springs are also recommended. It is also highly recommended that 
monitoring wastewater parameters, like E. coli, sucralose, and nitrogen (δ15N) and oxygen 
(δ18O) isotopes be used to discriminate DIN sources. Additional wells should be sampled on 
the western shore of Kings Bay, in proximity to the southern wells.  More detailed CDOM 
composition and peak resolution could be performed by using Parallel Factor Analysis 
(PARAFAC) of the EEM data. Lastly, the complexity of interaction of physical and chemical 
factors that control nutrient distributions would benefit from principle component analysis to 
obtain weighting factors and produce algorithms capable of more stringent tracking of nutrient 
sources. 
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Management Implications 
Examining CDOM in relation to nitrogen allows discrimination between natural and 
anthropogenic sources of N to the springs and estuary. The northern springs, on the east side of 
Kings Bay have high levels of DIN from anthropogenic sources and protein-like fluorescence 
indicative of wastewater contamination.  Our analyses cannot rule out the possibility that some 
of the DIN comes from fertilizer; however, control of septic and other wastewater inputs could 
reduce DIN in these springs.  Increasing the retention of nitrogen in septic tanks within a certain 
range to the Bay and preservation of natural vegetation and ponds can prevent further increase 
of nutrients to the Bay. 
In contrast, the source of nitrogen to the southern springs, located to the west of Kings Bay, is 
from input of natural organic matter likely due to saltwater mixing in the aquifer. The levels of 
DIN in these springs (0.23-0.30 mg DIN/L) are close to the USEPA’s proposed numeric criteria 
(0.35 mg NO3-N /L), and increasing pollution pressure from additional growth could increase 
DIN levels. The levels of the Hunter Spring in the northern part of Kings Bay exceed the USEPA 
criteria with concentrations of 0.55-0.63 mg DIN/L. Most of the DIN in Hunter Spring is NO3. 
Median values from 2006 of nearby springs like Rainbow Spring #1 and Weeki Wachi Main 
Spring are 1.75 and 0.77 mg NO3+NO2-N/L, respectively and also exceed the USEPA criteria. 
Lithia Springs Major in Tampa Bay had a median concentration of 2.8 mg NO3+NO2-N/L in 
2006. Fanning Springs and Apopka Spring to the north and west have concentrations of 4.85-
4.5 mg NO3+NO2-N/L, respectively (Harrington et al., 2010). Although values in Kings Bay are 
relatively lower when compared to other springs in Florida, the levels are deleterious because 
the Bay has a higher residence time than the other springfed ecosystems. 
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Chapter 3:  
 
Discriminating Submarine Groundwater Discharge (SGD) Inputs and Assessing the 
Relationship Between Colored Dissolved Organic Matter (CDOM) and Salinity in Kings 
Bay 
 
Abstract  
We propose testing of three null hypotheses 1) there is not a significant difference between 
parameter means among the northern and southern springs 2) there is no relationship between 
CDOM and salinity in Kings Bay 3) intercept calculated from the relationship between CDOM 
and salinity is not significantly different from zero. Data set includes samples from 2010 and 
2011 taken from spring and surface water sites in Kings Bay located in Crystal River. Null 
hypotheses were tested using approximate randomization, Monte Carlo simulations, and normal 
approximation, which is based on bootstrap sampling. All null hypotheses were rejected. Thus 
this study reports that 1) there are significant differences in parameters among northern and 
southern springs, 2) water samples from meteoric groundwater, surface waters, and a 
subterranean estuary have a linear positive correlation between CDOM and salinity, and 3) the 
intercept is significantly different from zero. The positive correlation is atypical. Almost without 
exception there is a negative correlation in coastal systems. Outliers indicate that there are 
additional unidentified CDOM sources. This study showed that the endmember at zero salinity 
has CDOM, which is expected in even the clearest natural environments. 
Introduction 
The exchange of water between land and sea is the fundamental framework of the hydrological 
cycle. Groundwater is one of the primary vectors for water from the land to the sea {Moore, 
2008 #882;Zektser, 2007 #883}. This vector, called submarine groundwater discharge (SGD), 
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was summarized by Burnett et al. (2003) as  “any flow of water on continental margins from the 
seabed to the coastal ocean, regardless of fluid composition or driving force.” SGD can be 
comprised of fresh groundwater, recirculated saline groundwater, or a mixture of both. The 
composition of the mixed SGD differs from the composition of surface estuaries because of 
biogeochemical reactions in the aquifer. To emphasize the importance of mixing and chemical 
reactions, these mixing zones are called subterranean estuaries (STE) and were defined by 
Moore (1999) as “a coastal aquifer where groundwater derived from land drainage measurably 
dilutes seawater that has invaded the aquifer through a free connection to the sea”. This mixing 
zone has been recognized as the site of carbonate diagenesis and dolomite formation 
(Hanshaw et al., 1971; Badiozamani, 1973; Fanning et al., 1981). It also has been recognized 
that terrestrial inputs of nutrients, like nitrate, to the coastal ocean may occur via SGD (Valiela et 
al., 1990; Moore, 1999; Slomp and Van Cappellen, 2004; Smith and Swarzenski, 2012). 
Furthermore, geochemical tracers have been used to trace groundwater inputs to the coastal 
zone through SGD (Burnett et al., 1990; Cable et al., 1996; Kelly and Moran, 2002; Burnett and 
Dulaiova, 2003; Charette et al., 2003; Moore, 2006).  Geochemical tracer studies show that 
SGD makes an important global contribution of nutrients, carbon, and metals to coastal waters 
(Burnett et al., 2003; Moore et al., 2008; Smith and Swarzenski, 2012). 
There have been many studies on the relationship between colored dissolved organic matter 
(CDOM) and salinity in surface estuaries.  CDOM is typically conservative in estuarine areas 
(Kalle, 1949; Zimmerman and Rommets, 1974; Dorsch and Bidleman, 1982; Cabaniss and 
Shuman, 1987; Bowers and Brett, 2007). CDOM concentrations in riverine waters are usually 
high due to terrestrial sources, while those found in seawater tend to be significantly lower. The 
mixing of riverine and marine waters usually exhibits a linear negative relationship between 
CDOM and salinity. Although there have been many CDOM studies in estuaries, there have 
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been few studies in subterranean estuaries. Additionally there have been few studies in 
estuarine environments in which groundwater input is the main source of freshwater.  
Hypotheses testing 
The Monte Carlo test, which was introduced by Barnard (1963), is a method used to test the null 
hypothesis and assess the significance of a test statistic.  Simulations are conducted by drawing 
random observations from a set of variables.  The test statistic is computed for each simulation, 
and the probability distribution of the simulated test statistic is generated. If the value of actual 
test statistic is unusually large or small relative to the values of the simulated test statistic, the 
null hypothesis is rejected (Noreen, 1989). 
The approximate randomization test involves randomly shuffling one variable relative to the 
other. Not all probable orderings or permutations are thoroughly listed in the approximate 
randomization test (Noreen, 1989). In the sampling process, each observation is drawn at 
random and without replacement.  The random process means that each observation in the set 
of variables has equal chance of being drawn, while sampling without replacement means the 
observation is removed from the variable set after it has been selected and cannot be selected 
again (Noreen, 1989). Randomization tests are an appealing approach to hypothesis testing 
because they make fewer distributional assumptions than the parametric test and they also 
have good power (Manly, 1991).  
Bootstrap resampling is special case of Monte Carlo sampling, and “used when the objective of 
the test is to draw a conclusion about the population based on random sample” (Noreen, 1989). 
In the sampling process, each observation is drawn at random and with replacement.  At 
random process means that each observation in the set of variables has an equal chance of 
being drawn, while sampling with replacement means the observation is not removed from the 
variable set after it has been selected and can be selected again (Noreen, 1989). The normal 
approximation is a method of estimating significance levels based on bootstrap sampling 
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distribution. Efron (1979) was the first to suggest that the standard deviation of the bootstrap 
sampling distribution be used to estimate the standard deviation of the null hypothesis sampling 
distribution. The normal approximation assumes that the null hypothesis sampling distribution is 
normal. In the normal approximation, bootstrapped sampling distribution is used only to estimate 
the standard deviation of the null hypothesis sampling distribution. 
Study site 
The Kings Bay collective 70 springs (Serviss, 2009b) is considered one of the largest first 
magnitude spring groups in Florida. The springs in Kings Bay flow through subaqueous vents 
and discharge either directly into the Bay or via short spring runs. These springs are influenced 
by tidal fluctuations (Rosenau et al., 1977; Serviss, 2010a). Kings Bay is the head waters of 
Crystal River (Yobbi and Knochenmus, 1989) which travels westward for six miles before 
discharging into the Gulf of Mexico (Hammet et al., 1996).  The coastline along this area is 
drowned karst topography (Tihansky and Knochenmus, 2001) .   
This study included 13 spring sites, 12 Kings Bay surface sites (KBS) and 10 Coast sites from 
Kings Bay area. Five springs—Catfish, Hunter, Magnolia Circle, Parker Island, and Tarpon 
Hole—were sampled quarterly in 2010 and 2011 (8 sampling periods). The sampling varied 
between 3-6 sampling periods in the remaining 8 spring sites. KBS and Coast sites were 
sampled on six and four occasions, respectively (Fig. 2.5, for sampling schedule). Spring and 
KBS sites were sampled at low tide, when spring discharge is easier to access. Coast sites 
were sampled in collaboration with a different SWFWMD project and FDEP, and author had no 
control of sampling time; therefore, tidal stage was not consistent in Coast site sampling. 
Preliminary data showed that four springs discharged brackish water (salinity=1-8). Three of 
these springs (Tarpon Hole, Sids, and Black Springs) are located on the south, and one spring 
(Millers Creek Spring) is located in a northern tributary of Kings Bay. These springs, which 
discharge groundwater from the subterranean estuary, will be referred to as southern springs in 
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this study. Nine springs—Catfish, Hunter, Magnolia Circle, Parker Island, Jurassic, Three 
Sisters No.1, Golfview Boathouse, House, and Idiots Delight Springs—discharge fresh water 
(salinity<1), and these will be referred to as northern springs. It appears that the northern 
springs and southern springs are impacted by different water sources, which can be 
characterized by optical and environmental parameters.  
Via hypothesis testing this study attempts to show that 1) there are significant differences in 
parameters among northern and southern springs, 2) water samples from meteoric 
groundwater, surface, and a subterranean estuary have a linear correlation between CDOM and 
salinity, and 3) the intercept is significantly different from zero. 
Hypotheses 
Null Hypothesis 1: 
There is not a significant difference between parameter means among the northern and 
southern springs. The difference between northern and southern springs parameter means is 
not greater than expected by chance, and the probability of the value of delta mean, Δµ, could 
happen by chance. 
Alternate Hypothesis 1: 
Northern and southern springs’ optical and environmental parameter means are significantly 
different. 
Null Hypothesis 2: 
There is no relationship between CDOM and salinity, thus CDOM is not conservative.  The 
relationship observed between CDOM and salinity could have occurred by random chance. 
Alternate Hypothesis 2: 
CDOM and salinity have a linear relationship, and CDOM is conservative.    
Null Hypothesis 3: 
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The intercept calculated for the relationship between CDOM and salinity is not significantly 
different from zero. 
Alternate Hypothesis 3: 
The intercept is significantly different from zero. 
Methods 
Discrimination between northern and southern springs  
Samples from springs (n=72) during taken a study conducted in 2010 and 2011 in Kings Bay 
are included to test the hypothesis testing. The springs were divided into two groups—northern 
(nN =53) and southern (nS =19) springs. The mean of the parameter was calculated for the two 
groups, northern (µN) and southern (µS). Delta mean (Δµ) was calculated by using the following 
equation: 
µS -µN = Δµ          (3.1) 
Delta mean was calculated for the following parameters, Fmax, salinity, TN, DIN, and DON. 
Differences among northern and southern springs in these parameters are seen in graphs 
depicting relationships with Fmax in Chapter 2 in this dissertation (Fig. 2.20, Fmax vs. DIN; Fig. 
2.22, Fmax vs. TN).  
Data were log transformed because the non-transform data did not have a normal distribution. 
Fmax, salinity, and DON data log transform had a Gaussian distribution. Log transform 
distributions of TN and DIN data were better than the non-transform data, but were distributed 
into two groups thus not having a Gaussian distribution. Further calculations were made using 
the log-transform of the data.  
The technique used to test the null hypothesis was randomization, which is a special case of 
Monte Carlo sampling (Noreen, 1989).  Samples were randomly allocated across the two 
groups, northern and southern springs, using the sort and index command in MATLAB. The 
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number of samples in each group remained the same (nN=53, nS =19).  After the simulation 
randomly allocated the data, a fake data delta mean (ΔFD) was calculated. 
A Monte Carlo simulation was made by repeating the random process 1000 times to generate a 
probability distribution of the ΔFD, test statistic. The probability of Δµ was calculated by counting 
the number of times the simulated ΔFD was larger or smaller than Δµ and dividing by 1000.   
Relationship between CDOM and salinity  
Samples from springs (n=71) and KBS (n=72) are included to test null hypothesis 2. Coast sites 
(n=40) did not show an apparent relationship between CDOM concentration, measured by Fmax, 
and salinity (Fig. 3.1). Coast sites encompass a larger area allowing more variability in CDOM 
concentrations and salinity. Two samples are within Crystal River, four sites are within the 
marsh area, and 4 are along the coast. It appears that there are many contributing factors that 
control CDOM and salinity in the Coast sites that are very different from those controlling Kings 
Bay mixing.  Consequently, Coast sites were not included in the hypothesis testing. 
Several outliers were observed when CDOM and salinity data were graphed. Subsequently the 
slope and squared residual was calculated using the median instead of the mean. Taking the 
median is a statistical method that is not affected by outliers thus producing a robust estimation. 
Hereafter, these will be referred to as median slope (a) and median squared residual (MSR), 
respectively.  Linear regression was calculated assuming a zero intercept and a and MSR were 
calculated using the following equation: 
a= median (xn*yn)/median (xn2)       (3.2) 
MSR=median(yn-a*xn)2        (3.3) 
The randomization technique was also used to test this null.  Salinity values were randomly 
allocated using the sort and index command in MATLAB, and hereafter this data will be referred 
to as fake data. After the simulation randomly allocated salinity values, the median fake data 
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slope (aFD) and median squared residuals from fake data (MSRFD) were calculated. This 
process was simulated 1000 times using a MATLAB loop. Probability distributions of aFD and 
MSRFD were generated. The probability of a (MSR) was calculated by counting the number of 
times the simulated aFD (MSRFD) was larger or smaller than a (MSR) and dividing by 1000.   
Assessing the intercept 
Linear regression parameters, slope, intercept, and squared residuals were calculated using the 
median instead of the mean. Median slope (α) was calculated using deviations (δ, Eq. 3.4-3.6). 
Intercept (β) was calculated using Eq. 3.7. The median squared residual (MSRi) was measured 
using slope (α) and intercept (β, Eq. 3.8). The MSRi was higher (1.5) than the MSR calculated 
with the zero intercept (1.2). Therefore, the equations to calculate slope and intercepts (Eq. 3.6 
and 3.7) hit a local minimum. 
δxn=xn – median (xn)            (3.4) 
δyn=yn - median (yn)            (3.5) 
α=median (δxn δyn)/ median (δxn2)       (3.6) 
β=median (yn)-α*median (xn)          (3.7) 
MSRi= median (yn- (α*xn-β))2       (3.8) 
Brute force was used to find the slope and intercept that that would render the lowest MSRi. 
MSRi was calculated using Equation 3.8 and varying the slope (0-10 at 0.01 interval) and 
intercept (0-5 at 0.01 intervals) in a loop in MATLAB. The minimum MSRi was located from the 
matrix, and the corresponding slope and intercept were noted.  
Using the median instead of the mean does not allow the standard deviation to be calculated 
conventionally.  Consequently, the normal approximation bootstrap method along with brute 
force and Monte Carlo simulations were used to calculate the standard deviation of the intercept 
and test the null hypothesis. Salinity and Fmax data pairs were randomly selected with 
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replacement to make a fake data set. Brute force, as described above, was used to find the 
slope and intercept from fake data that rendered the lowest MSRi. The process was simulated 
1000 times and the standard deviation was calculated from the 1000 slopes that rendered the 
lowest MSRi. 
Results and Discussion 
Discrimination between northern and southern springs  
A sample of 1000 simulations yielded p-values that are listed in Table 1. The probability is 
p<0.010 for all parameters. Delta means are different with a 99% confidence for each 
parameter. Thus the null hypothesis 1 is rejected, and it is unlikely that the delta means could 
occur by random chance. The data for TN and DIN deviated from a Gaussian distribution, which 
could lead to incorrect conclusions about the rejection of the null hypothesis 1.  
Significant differences in salinity and CDOM signals that the springs have different sources. The 
springs in the north have a meteoric water source characterized by low CDOM and low salinity. 
The southern springs discharge water from the subterranean estuary characterized by higher 
CDOM and higher salinity.  
Table 3.1. Parameters tested for null hypothesis 1, p-values for delta means, and confidence 
levels. 
Parameter 
p-value  for 
Δµ 
% 
Confidence 
level 
Fmax LT 0.000 100.00 
Salinity LT 0.000 100.00 
 TN LT 0.068 99.93 
DIN LT 0.004 100.00 
DON LT 0.000 100.00 
 
Relationship between CDOM and salinity  
The relationship between CDOM and salinity in Coast samples was flat and variable (Fig. 3.1). 
The variability could be due to outwelling from the tidal marshes and coastal swamps (tidal 
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stage inconsistency while sampling Coast sites), SGD (diffuse seepage nearshore of low or high 
CDOM from the unconfined aquifer), and/or currents bringing in water from Withlacoochee River 
(400 ppb QSE) and/or the open ocean. Coast sites had fluorescence intensities of 18-62 ppb 
QSE corresponding to salinities 25-26. Typical coastal fluorescence intensities in Tampa Bay, 
an estuary 80 miles south, were 25-27.5 ppb QSE in salinities 25-26 (Conmy, 2008). Coast 
sites’ lower fluorescence intensities (18-29 ppb QSE) at salinities 25-26 are more typical coastal 
values. Coast sites’ high fluorescence intensities (30-62 ppb QSE) at salinities 25-26 could be 
due to the CDOM inputs from the tidal marsh, coastal swamp and/or high CDOM rivers, like 
Withlacoochee and Suwannee Rivers to the north.  
An atypical positive relationship between CDOM and salinity was observed in springs and KBS 
sites (Fig. 3.2). The slope calculated using Equation 3.2 was positive four (p<0.001). Although 
there was a presence of several outliers that gave high squared residuals, the median squared 
residual was 1.2 (p<0), which does not fall within the distribution of the fake data median 
squared residuals. Thus, null hypothesis 2 is rejected, and a positive linear relationship explains 
the variation between CDOM and salinity. The positive correlation is due to the low CDOM 
meteoric groundwater discharge from the springs in the north of the bay mixing with the high 
CDOM brackish water from the subterranean estuary. Typically high terrestrial CDOM 
freshwater mixes with low CDOM seawater creating a negative relationship. 
There were several outliers that fell above the calculated mixing line from springs and KBS 
sites. This is an indication of CDOM inputs in this environment most likely due to tidal marshes, 
coastal swamps and/or biogeochemical processes in the subterranean estuary. The following 
examination of these cases seeks to provide additional insight into the origin of CDOM and 
salinity in different regions of the study area. 
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Figure 3.1. Fmax versus salinity for spring, Kings Bay surface (KBS), and Coast sites.  Springs 
and Kings Bay surface (KBS) sites show a positive relationship. Coast sites show a flat and 
variable relationship.  
 
Elevated CDOM concentration per salinity unit was observed in four spring sites (n=7) and one 
KBS site (n=4). Tarpon, Black and Sids Springs had higher salinities and CDOM concentrations 
than surface bay waters (Fig. 3.2). Higher salinities indicate influence of tidal pumping. Thus 
these southern springs reveal the composition of the subterranean estuary. Overall the southern 
springs showed a positive correlation between salinity and CDOM. This is consistent with a 
study by Beck et al. (2007) that found DOC to be conservative in a subterranean estuary. 
Although the latter study measured DOC, investigations have shown significant correlations 
between CDOM fluorescence and DOC (Ferrari et al., 1996; Rochelle-Newall and Fisher, 2002) 
and some have estimated DOC concentrations from fluorescent measurements (Vodacek et al., 
1995; Vodacek et al., 1997).  
Tidal pumping is a mechanism for SGD. It occurs with seawater infiltration at high tide and 
discharge at low tide (Robinson et al., 2007; Santos et al., 2010) and drives seawater into the 
coastal aquifer. Tidal pumping can supply particulate marine matter and remineralization can 
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release DOC (Santos et al., 2008). Goni and Gardner (2003) showed high DOC concentrations 
in groundwater occur in areas affected by tidal pumping. Although little is known about CDOM 
concentrations in SGD, a study conducted in Turkey Point, FL, showed five-fold higher CDOM 
concentrations in groundwater than in the bay water (Suryaputra, 2009). This is consistent with 
this study that showed two-fold higher CDOM concentration in Black and Sids Springs 
compared to the bay surface waters. 
 
Figure 3.2. The relationship between Fmax and salinity for spring and Kings Bay surface (KBS) 
sites. Circles indicate outliers with higher Fmax per salinity. Three northern springs—Tarpon 
Hole, Black and Sids Springs— show higher Fmax per salinity incidences (black circles).  Millers 
Creek Spring’s highest Fmax and highest salinity were from the wet season in 2011 (green 
circle). Orange circles are KBS 12 sites and Millers Creek Spring from varying sample incidents. 
Red line represents the regression calculated with a zero intercept (slope=4). 
 
Three southern spring sites from July 2010 appeared as outliers (Fig 3.2). These had elevated 
CDOM concentration per salinity in relation to other quarters sampled in 2010 and 2011. 
Although little is known about CDOM driving mechanisms in subterranean estuaries, an 
explanation for the high CDOM concentrations during this quarter is remineralization, which can 
be faster during the summer in subterranean estuaries (Santos et al., 2008).  
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While Black and Sids Springs showed higher CDOM and higher salinities than the surface 
waters in the south, Millers Creek Spring showed relatively the same salinities but higher CDOM 
concentration than surface bay waters (Fig. 3.2). Thus all of the samples from Millers Creek 
Spring were considered outliers.  Millers Creek Spring is located in a northern tributary that 
borders a state aquatic preserve comprised of tidal marshes and coastal swamps. It has been 
previously reported that tidal marshes export CDOM to estuaries (Tzortziou et al., 2008). It is 
likely that the surrounding area could be exporting CDOM to the subterranean estuary via 
seepage, thereby producing higher CDOM per salinity in that part the subterranean estuary. 
Millers Creek Spring average discharge rate (2.54 cfs) is lower than Black and Sids Springs 
(5.89 and 11.25 cfs, respectively, Serviss, 2010a) which indicates that hydraulic gradient is less, 
thus allowing more time for CDOM accumulation. The highest CDOM concentration for Millers 
Creek Spring was observed in July 2011, which could be explained by remineralization, 
discussed above, or that CDOM seepage increases with precipitation. Another explanation of 
the higher CDOM per salinity is that Millers Creek Spring could be influenced by Lake Rousseau 
(131-162 ppb QSE), which is located directly north of the area.  Potentiometric lines extend 
southward from this lake and could influence the spring as it recharges the aquifer. 
Kings Bay surface site KBS12 (Fig 2.3) is located in the south and is surrounded by St. Martin’s 
Marsh Aquatic Preserve. Four samples (spring and fall of both years) showed higher Fmax 
concentrations per salinity than the other bay surface waters. Runoff from the marsh/swamp can 
be a source of high terrigenous CDOM from soils of the adjacent marsh area. Weather records 
were examined and the incidence of higher CDOM occurred when there was precipitation 1-5 
days before sampling and warmer temperatures. Another explanation can be due to the 
seasonality of organic matter. Higher concentrations in the spring can be due to runoff from 
precipitation, which has moved everything that has decayed over the winter. Higher 
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concentration in the surface water in the fall can be due to an accumulation of organic matter 
from the summer. 
Assessing the intercept 
The MSRi from brute force was 0.45, which is lower than the MSR (1.2) calculated using 
Equation 3.3 with zero intercept. The slope and intercept that corresponded to the lowest MSRi 
were 4.1 and 0.64±0.21, respectively (Fig. 3.3). The slope was slightly higher compared to the 
one calculated using the zero intercept (4). The intercept calculated using brute force, 
0.64±0.21, is significantly greater than zero, and is a better fit than calculating the regression 
with the intercept as zero. Having an intercept significantly greater than zero is consistent with 
the fact that CDOM is ubiquitous in natural waters. CDOM does not reach zero at any salinity 
and there is detectable fluorescence of CDOM in all natural aquatic environments.  
 
Figure 3.3. Plot comparing two linear regressions: intercept set to zero and intercept calculated 
by brute force. Linear regression calculated with zero intercept (red line) had median slope of 4 
and median squared residual value of 1.2. Linear regression calculated from median squared 
residual brute force (black line) had slope of 4.1, median squared residual value of 0.45, and 
intercept of 0.64±0.21, which is significantly different than zero. 
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Conclusions 
Discrimination between northern and southern springs was shown in the significant delta means 
in optical and environmental parameters. The difference between northern and southern springs 
means are greater than what is expected by chance. Accordingly, the randomization tests reject 
null hypothesis 1. Thus, the northern springs are characterized by low CDOM, low salinity, high 
DIN and low DON. High CDOM, high salinity, low DIN, and high DON characterize southern 
springs. This estuary is unique in that the SGD in the bay includes fresh groundwater discharge 
(northern springs) and recirculated saline groundwater discharge from the subterranean estuary 
(southern springs), which underlies the Bay. 
Overall, CDOM behaves conservatively in Kings Bay. The median squared residual of the data 
(MSR) was significantly different than median squared residual of the fake data (MSRFD), 
thereby rejecting null hypothesis 2. The positive relationship between CDOM and salinity in 
Kings Bay is very rare. Typically the high CDOM freshwater and low CDOM seawater create a 
negative relationship. In the study site, freshwater coming into the Bay had low CDOM and the 
saline water discharging from the subterranean estuary had higher CDOM concentration. The 
main source of salinity and CDOM in Kings Bay is from the subterranean estuary via southern 
springs discharge. Outliers indicate that there are additional CDOM sources from 
runoff/seepage from the immediate marsh/swamp area or SGD biogeochemical processes that 
are still not well understood. Coast sites do not show an apparent relationship between CDOM 
and salinity, which could be due to diffuse seepage nearshore from the unconfined aquifer 
(SGD) in the drowned karst topography, seepage/runoff from the marsh/swamp area, and 
influence from the Withlacoochee River to the north. Nevertheless, Coast sites had the highest 
CDOM concentrations and a highest salinity in the study area, which suggest that the main 
source of salinity and CDOM in the subterranean estuary is from the infiltration of seawater into 
the aquifer via tidal pumping. 
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The intercept was significantly different from zero. The standard deviation calculated using the 
normal approximation did not place zero in the range of the error, thus rejecting null hypothesis 
3. The unique estuary’s positive relationship between CDOM and salinity allowed testing the 
intercept‘s significant difference from zero. CDOM is ubiquitous in all natural aquatic 
environments, and even at low concentrations CDOM can be characterized and traced. 
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Chapter 4:  
 
Discriminating and Assessing the Dynamics of Colored Dissolved Organic Matter 
(CDOM) and Nutrients in Kings Bay, Florida with Parallel Factor Analysis (PARAFAC) and 
Canonical Analysis of Principal Coordinates (CAP) 
 
Abstract 
The capability to differentiate water inputs from both natural and anthropogenic sources was 
investigated in Kings Bay, FL and its springshed.  Kings Bay is a unique estuary in that the main 
freshwater source is from spring discharge. Over the past 40 years, the Bay has shown an 
increase in nitrate concentration and increased invasion of filamentous algae. The data set 
included samples from 2010 and 2011 from various sites in the springshed; springs, Kings Bay 
surface water (KBS), wells, coastal waters at the mouth of Crystal River (Coast) and lakes and 
rivers (LNR). Colored dissolved organic matter (CDOM) was characterized by excitation 
emission matrix (EEM) and absorption spectroscopy. Parallel Factor Analysis (PARAFAC) of 
CDOM EEMs was used to evaluate CDOM composition and five components were identified: 
two humic, two marine humic, and one protein-like. The marine/microbial humic-like 
components, peak M, were produced in the marine environment and in meteoric groundwater. 
Peak M could be a unique groundwater marker or an indication of agriculturally impacted 
waters. Northern Kings Bay sites were characterized by a protein-like component, which has 
been associated with wastewater. Additional optical and environmental parameters were used 
for discriminate analysis. Optical parameters include: fluorescence maximum intensity (Fmax), 
emission maximum (Emmax), absorption coefficient (aCDOM (λ)), spectral slope (S), and 
PARAFAC component. Environmental parameters include:  total nitrogen (TN), dissolved 
inorganic nitrogen (DIN), dissolved organic nitrogen (DON), total phosphate (TP), TN divided by 
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Fmax (TN/F), DIN divided by Fmax (DIN/F), and salinity. CAP analysis indicated that 81.7.0-83.5% 
of the samples could be accurately categorized into their respective groups. In particular, Fmax, 
a312, TN, DIN, and PARAFAC components helped differentiate DOM from riverine/lacustrine, 
estuarine, marine, groundwater, and sewage impacted categories. PARAFAC along with CAP 
analysis successfully identified the sources of nutrient contamination in the environment. 
Introduction 
Dissolved organic matter (DOM) plays a significant role in the global carbon cycle and is about 
97% of organic carbon in the sea (Hansell and Carlson, 2001). The dynamics of DOM in coastal 
environments can be complex. DOM is a heterogeneous complex mixture of organic 
compounds and the chemical characteristics of DOM define its optical properties. The portion of 
the DOM that absorbs light is called colored dissolved organic matter (CDOM). CDOM also 
fluoresces blue under UV and visible light (255-450 nm). Therefore, optical properties of CDOM 
have been used to study dynamics and characteristics of the total DOM pool (Duursma, 1972; 
Coble et al., 1990). CDOM optical properties are easily measured and provide information about 
the source and composition of the dissolved organic matter (DOM) in an environment. 
Consequently, it is possible to distinguish among different water masses by their optical 
properties (Coble, 1996; Coble et al., 1998) 
Fluorescence spectroscopy via excitation emission matrix spectroscopy (EEMS) and peak 
picking has been used to characterize the composition of CDOM. Two major DOM components, 
humic-like and protein-like fluorophores, have been described and differentiated based on their 
peak positions in the EEMs (Coble et al., 1990; Mopper and Schultz, 1993; Coble, 1996). 
Humic-like peaks typically have a terrestrial source, and protein-like peaks are derived from 
microbial activity usually in productive waters (Coble et al., 1990; Coble, 1996; Mayer et al., 
1999; Yamashita and Tanoue, 2003). Furthermore, two different humic peaks have been 
identified. Terrestrial humic-like fluorophores (peak C) have been discriminated from marine 
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humic-like fluorophores (peak M, Coble et al., 1990; Coble, 1996; De Souza Sierra et al., 1997; 
Del Castillo et al., 1999). Marine humic-like fluorophores have a fluorescence maximum at 
shorter wavelengths than the terrestrial humic-like fluorophores. In recently studies, protein-like 
peaks have been associated with microbial activity in wastewater (Baker, 2001; Baker, 2002; 
Hudson et al., 2008b). More recently, marine humic-like fluorescence, peak M, has been 
observed in meteoric groundwater (Baker and Lamont-Black, 2001; Conmy, 2008) and 
freshwaters influenced by agriculture (Stedmon and Markager, 2005a; Coble, 2007). Thus, EEM 
analyses can evaluate the contributions of allochthonous, autochthonous, and anthropogenic 
sources to the total DOM pool in coastal environments (Coble et al., 1998; Del Castillo et al., 
1999; Mayer et al., 1999). However, EEMs are often comprised of several overlapping 
fluorophores and it can be challenging to accurately estimate DOM dynamics in coastal area 
based solely on the EEM peak positions. 
Recently multivariate data analysis techniques have been applied to the analysis of EEMs to 
assess changes in fluorescence composition enhancing previous CDOM characterization 
(Persson and Wedborg, 2001; Boehme et al., 2004; Hall et al., 2005). An example that is well 
suited to the complex nature of the EEMs is parallel factor analysis (PARAFAC) This is a three 
way multivariate method that decomposes the total fluorescence signal into underlying 
individual fluorescent components (Bro, 1997). PARAFAC can isolate spectra of overlapping 
components, elucidating patterns within the data set that are visually indistinct and unobserved 
by traditions methods of interpreting the multidimensional arrangement of EEMs data set. 
Several studies have used PARAFAC to characterize DOM in coastal environments (Stedmon 
and Markager, 2005a; Hall and Kenny, 2007; Yamashita et al., 2008; Kowalczuk et al., 2009) 
open ocean environments (Murphy et al., 2008), and in laboratory experiments (Stedmon and 
Markager, 2005b; Stedmon et al., 2011). EEM-PARAFAC analysis is a powerful, fast and 
relatively inexpensive tool which can aid in the assessment of DOM dynamics in coastal 
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ecosystems and managed catchment areas.  
EEM-PARAFAC can be a way to monitor water quality and manage coastal areas by assessing 
the nature and behavior of DOM. Increasingly global demand on freshwater has imposed 
problems for watershed management, groundwater quality, and estuarine environments. 
Advancement of anthropogenic activity in coastal areas is leading to increased input of nutrients 
from fertilizer and wastewater to groundwater (Bowen et al., 2007). A portion of these nutrients 
is ultimately released to coastal surface waters (Valiela et al., 1990) via submarine groundwater 
discharge (SGD). Excess nutrients can lead to blooms of primary producers, reduction in 
aquatic diversity, alteration of food webs, and increased respiration rates due to the fast 
production of organic matter. Nutrient concentrations in coastal groundwater are sometimes 
higher than those in river water, counterbalancing the lower flux of groundwater discharge 
relative to river discharge (Valiela et al., 1990; Moore, 1999; Slomp and Van Cappellen, 2004). 
Groundwater mining has increased seawater intrusion into coastal aquifers, which may further 
enhance nutrient fluxes to coastal surface waters (Moore, 1999; Krest et al., 2000). To 
emphasize the importance of mixing and chemical reactions, these mixing zones are called 
subterranean estuaries (STE) and were defined by Moore (1999) as “a coastal aquifer where 
groundwater derived from land drainage measurably dilutes seawater that has invaded the 
aquifer through a free connection to the sea.” Subterranean estuaries are characterized by 
stronger particle-water interactions, longer residence times, and lower dissolved oxygen (Moore, 
1999). Recent investigations suggested that biogeochemical processes in subterranean 
estuaries significantly alter nutrient concentrations that are discharged in to the ocean via SGD 
(Slomp and Van Cappellen, 2004; Santos et al., 2008; Smith and Swarzenski, 2012).  
In this study, we used measurements of DOM fluorescence and nutrients in Kings Bay to 
advance the understanding of the role of groundwater and nutrient inputs to the coastal ocean. 
The overall objective is to improve management of coastal areas and understand the impacts of 
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anthropogenic activities on coastal ecosystems The specific objectives of this study were 1) to 
characterize the composition of CDOM in the sites of the Kings Bay springshed using EEM-
PARAFAC 2) differentiate water inputs from both natural and anthropogenic sources in the 
unique environment 3) discriminate among sites using optical and nutrient parameters to locate 
the source of nutrients into the bay.  
Methods 
Study site 
The study site is located on the eastern coast of the Gulf of Mexico in Citrus County, Florida and 
includes the springshed of Kings Bay (Fig. 4.1). Groundwater discharging in Kings Bay 
originates from rainfall inputs in the recharge area inland of the springs across Brooksville Ridge 
and Tsala Apopka Plain (Jones and Upchurch, 1994). Brooksville Ridge has the highest amount 
of recharge and precipitation rapidly moves underground through numerous sinkholes, then 
moves seaward via an extensive system of conduits. A well-developed underground drainage 
system results from the lack of rivers and streams in Citrus County. Tsala Apopka Lake is on 
the west side of the county, and Lake Rousseau and Withlacoochee River set the boundary on 
the north. The coast, which is part of the Florida’s Springs Coast, is delineated by tidal marshes 
and coastal swamps, which extend inland for 2-5 miles (Jones and Upchurch, 1994). This 
study’s Coast sites cover an area of approximately 20 km2. Additionally, there is a mixed coal 
and nuclear power plant a mile north of the study area. The nuclear plant was closed in 2012, 
but the coal power plant is sill active. 
Kings Bay is unique in that there is no inflow from streams or rivers into the Bay. Discharge from 
the springs encompasses 99 percent of the freshwater entering Kings Bay and drives the overall 
water quality of the Bay (Romie, 1990; Jones and Upchurch, 1994). The Kings Bay collective 70 
springs (Serviss, 2009b) is considered one of the largest spring groups in Florida. The springs in 
Kings Bay flow through subaqueous vents that range from 2 m-1 cm in diameter (Serviss, 
  
 
101 
2009b), and discharge either directly into the Bay or via short spring runs. These springs are 
influenced by tidal fluctuations (Rosenau et al., 1977; Serviss, 2009a) and flushing times range 
from 3-4 days (Hammet et al., 1996). The northern part of the bay has higher discharge and 
flushes more quickly than the southern part of the Bay (Hammet et al., 1996). Kings Bay covers 
an area of approximately 2 km2 and ranges from 1 to 3 meters in depth (Jones and Upchurch, 
1994). Kings Bay comprises the head waters of the Crystal River (Yobbi and Knochenmus, 
1989), which travels westward for six miles before discharging into the Gulf of Mexico (Hammet 
et al., 1996). Kings Bay is a permanent, year-round manatee refuge and designated areas 
within the Bay are manatee sanctuaries, which adds to its uniqueness. 
Similar to other estuaries, Kings Bay has been affected by anthropogenic factors over the last 
several decades. Several Kings Bay springs and springshed wells have experienced an 
increase in nitrate concentration over the past years (Jones and Upchurch, 1994). Since 1960, 
Kings Bay has also seen an increased invasion of nuisance aquatic plants like Hydrilla, 
Eurasian milfoil, and Lyngbya spp (Hammet et al., 1996). The increased frequency and spread 
of these nuisance aquatic plants are causing habitat destruction and hindering recreational 
enjoyment. 
Sampling schedule 
Five different types of sites: wells, Coast, lakes and rivers (LNR), springs, and Kings Bay 
surface (KBS), were sampled at different frequencies during 2010 and 2011. Twenty-nine 
nutrient monitoring well sites were sampled annually in 2010 and 2011. Nine surface water 
samples were taken from Tsala Apopka Lake, Lake Rousseau, and the Withlacoochee River, 
which border Citrus County to the north and east. These were only sampled in June and 
October 2010 and will be referred to as LNR hereafter. Ten Crystal River coastal sites were 
sampled in conjunction with the spring samples in October 2010, January 2011, August 2011, 
and October 2011, and these will be referred to as Coast sites. These were sampled in 
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collaboration with another SWFWMD project and FDEP, and author had no control of sampling 
time; therefore, tidal stage was not consistent in Coast site sampling. See Figures 4.1 and 4.2 
for sampling spatial distribution and frequency.  
Spring and KBS site sampling was conducted quarterly at low tide. Five spring sites -Catfish, 
Hunter, Magnolia Circle, Parker Island, and Tarpon Hole Spring - were sampled quarterly. Eight 
other springs were sampled at different frequencies during 2010-2011. Twelve surface water 
sites in Kings Bay were sampled twice in 2010 and quarterly in 2011 and these sites will be 
collectively referred to as KBS (Fig 4.2).  
Samples were pumped through a 0.45µm cellulose acetate filter paper using a tripod filter.  A 
Yellow Springs Instruments (YSI) multiprobe was used to measure pH, specific conductance, 
dissolved oxygen, and temperature on site. Samples were collected in 250 ml pre-combusted 
(450 °F, 4-10 hours) amber glass bottles with Teflon lined caps. All sites, with the exception of 
Coast sites, were sampled by SWFWMD employees and transported to Tampa SWFWMD 
office on ice. They were stored in a refrigerator until samples were picked up for transport to the 
USF Marine Spectrochemistry Lab, where they were stored refrigerated at 41°F until analysis 
within two days of sample collection. Specific conductance was converted to salinity. 
Coast (1-10) samples were collected by the University of Florida through another SWFWMD 
project that monitors water quality along Florida’s Springs coast. Samples were filtered through 
a 0.45µm Whatman GFF filters. In situ parameters measured included temperature, salinity, 
dissolved oxygen, pH, and Secchi depth. The same post-sampling handling procedure was 
used as described above. 
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Figure 4.1. Map depicting sample sites, physiographic features, and water features of Kings Bay 
springshed in Citrus County.  Sample sites include: well (open circles), Coast (triangles), and 
lakes and rivers (LNR, squares) stations. See Figure 4.2 for detailed map of Kings Bay area. 
 
Optical properties of CDOM 
EEMS was performed using a Horiba Jobin Yvon Inc. Fluoromax II (2010) and Fluoromax IV 
(2011) spectrofluorometers with a 450 W Xe lamp and single excitation and emission 
monochromators according to Coble (1996). To avoid inner-filter effects, samples with 
absorbance values above 0.02 m-1 at 300 nm were diluted according to Green and Blough 
(1994). EEMs were generated by scanning emission wavelengths from 320 to 600 nm at 2 nm 
increments from excitation at wavelengths between 240 and 450 nm at 5 nm increments for an 
interval of 0.5 seconds (Coble 1996). The emission spectra were concatenated to form EEMs. 
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Figure 4.2. Top panel is an expansion of the map shown in Figure 4.1 to provide detailed of 
sampling locations for the Kings Bay sites. Northern springs (NS, red closed squares), southern 
springs (SS, red open squares), Northern KBS (NKBS: KBN1-3, green filled circles), and 
southern KBS (SKBS; KBN4-5, KBC 6-7, KBS 8-12, green open circles). Dotted line represents 
250 mg/L isochlor. Springs west of the dotted line discharge water brackish water (Cl > 250 
mg/L). Springs east of the dotted line discharge fresh water (Cl < 250 mg/L). The range of 
concentrations for springs that were above the 250 mg/L isochlor was 280-1,500 mg Cl/L (n=4), 
and the range of concentrations for springs that fell below the 250 mg/L isochlor line was 3-150 
mg Cl/L (n=9). Data taken from Champion and Starks (2001). Bottom panel shows the timeline 
for sampling schedule for sites depicted in the map above. On the time scale, red lines 
represent dry seasons and blue lines represent wet seasons during 2010 and 2011. Springs 
(red squares), KBS (green squares), wells (black bars), Coast (black triangle), and lakes and 
rivers (LNR, black squares) sites are included in timeline.  
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Post-processing of EEMs was conducted using Galactic Industries’ Grams 32 software (2010), 
Horiba Jobin Yvon Inc. Origins (2011), and MathWorks Matlab 2011b (2011). A Milli-Q blank 
EEM was determined weekly and was subtracted from each sample EEM to remove Rayleigh 
and Raman scatter peaks. Emission and excitation correction factors were applied to account 
for instrument-specific configuration (Coble et al., 1993). Corrected EEMs were converted to 
units of quinine sulfate equivalents (QSE) in parts per billion (ppb) using a standard dilution 
series according to Velapoldi and Mielenz (1980). 
The value of the overall maximum fluorescence in the peak C region (Fig 2.1) was reported as 
Fmax and represents CDOM concentrations. Values for excitation and emission wavelengths at 
which Fmax occurred are reported as Exmax and Emmax. Fmax variability across the samples was 
determined by taking fluorescence measurements at the highest and lowest range in Emmax 
(406 and 448 nm) and Emmax (300-350 nm) for several extreme samples. The values at high 
and low wavelengths were subtracted from the Fmax. The difference was divided by Fmax to get 
percent variability. Emmax variability influences 7% of Fmax, and Exmax variability influences Fmax 
by 15%. 
Absorbance analysis was carried out between 200 and 750 nm. Samples were allowed to attain 
room temperature and analyses were conducted using either a 1 or 10 cm quartz cuvette. A 
Hitachi U3300 was used for analyzing the 2010 samples and a Hitachi U3900 for the 2011 
samples. The absorbance spectrum of Milli-Q water was used as reference. Samples were 
scanned three times and the averaged to acquire CDOM absorbance, ODCDOM (λ). Absorbance 
values at each wavelength were converted into absorption coefficients (aCDOM (λ)) at a certain 
wavelength (λ), using the Beer-Lambert law and Equation 4.1 (Kirk, 1994): 
aCDOM (λ) =2.303*(ODCDOM (λ)/l)       (4.1) 
where l is the pathlength of the cuvette in meters. 
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The absorption value at 312 and 250 nm, aCDOM (312 and 250), was chosen to quantify CDOM 
because these wavelengths are close in value to Exmax of peak C and AC for wells and springs. 
Absorption coefficients were fitted to an exponential function by taking the natural logarithm of 
CDOM absorption. This was used to obtain the spectral slope parameter, S, from the linear 
least-squares fit of the resulting spectrum between 280 and 350 nm. The spectral slope is a 
measure of how the absorption exponentially decreases with increasing wavelength. This 
behavior can be modeled with an exponentially decreasing function shown in Equation 4.2 
(Jerlov, 1968; Lundgren, 1976; Bricaud et al., 1981). 
 aCDOM (λ) = aCDOM (λo) e-S(λo-λ)         (4.2) 
where aCDOM (λ) is the absorption coefficient, and aCDOM (λo) is the absorption coefficient at a 
reference wavelength, S (nm-1) is the spectral slope.  
Environmental parameters 
The Florida Department of Environmental Protection Central Laboratory in Tallahassee, FL 
performed nutrient and chemical water quality analyses for the well samples. Water samples 
collected from springs and KBS water sites were analyzed by the SWFWMD lab at the agency 
headquarters in Brooksville. Data were retrieved from Water Management Information System 
(WMIS), a resource data search system from SWFWMD. Measured nutrient parameters, units, 
and methods used for determination of parameters are presented in Table 4.1. The following 
equations were used to calculate nitrogen parameters in wells:  
TN = TKN + NO3+NO2          (4.3) 
DON = TKN – NH4          (4.4) 
DIN = NH4 + NO3+NO2          (4.5) 
where TN is total nitrogen, TKN is Total Kjeldahl Nitrogen, NO3+NO2  is the combined nitrate 
and nitrite measurement, DON is dissolved organic nitrogen, NH4 is ammonium, and DIN is 
dissolved inorganic nitrogen. Measured parameters are in bold.  
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The SWFWMD laboratory measured TN; however, it did not measure TKN. Therefore equation 
4.6 was used to calculate DON values for the springs, KBS, and LNR samples.  
DON= TN – DIN          (4.6) 
where DON is dissolved organic nitrogen, TN is total nitrogen, and DIN is dissolved inorganic 
nitrogen. Equation 4.5 was used to calculate DIN concentrations for the springs, KBS, and LNR 
samples. Measured parameters are in bold. See Table 4.1 for analytical methods. 
The University of Florida processed Coast lab parameters and measured the following: total 
nitrogen (TN) and total phosphorus (TP). DIN and DON were not calculated as there were no 
measurements for nitrate (NO3), nitrite (NO2), and ammonium (NH4). DIN and TN values were 
normalized to Fmax and are referred to as DIN/F TN/F. This was done to try to differentiate 
between organic and inorganic nitrogen inputs.  
The PARAFAC modeling 
The PARAFAC analysis was performed in MATLAB using the DOMFluor toolbox with contains 
the N-way toolbox v.3.1 for MATLAB (Andersson and Bro, 2000). PARAFAC splits the data 
signal into a set of three linear terms and residual set. PARAFAC analysis was conducted using 
the Stedmon and Bro (2008) tutorial. The mode was run with nonnegativity constraints. EEMcut 
was run using 15 20 because the Horiba Fluoromax has less scatter than the instrument used 
by Stedmon, a Varian Eclipse fluorescence spectrophotometer. 
The data array consisted of 252 samples with 151 emission wavelengths (320-600 at 2 nm 
increments) and 43 excitation wavelengths (240-450 at 5 nm increments). EEMs were 
combined into three-dimensional data sets: 252 samples x 43 excitations x151 emissions. The 
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Table. 4.1, Analytical methods, unity, and references for nutrient parameters. 
Sites Parameter Unit Method Ref. 
Springs, KBS, 
and LNR     
 Ammonia (Dissolved) NH3-N mg/L SM18 4500-NH3 G 1 
 Nitrate-Nitrite  (Dissolved) 
NO3-NO2-N 
mg/L EPA 353.2 2 
 Nitrogen (Total) N mg/L ASTM D5176 3 
 Phosphorous (Total) P mg/L EPA 365.1 2 
Wells     
 Ammonia (Dissolved) NH3-N mg/L EPA 350.1 2 
 Nitrate-Nitrite  (Dissolved) 
NO3+NO2-N 
mg/L EPA 353.2 2 
 Total Kjeldahl Nitrogen  (Dissolved) N mg/L EPA 351.2 2 
 Phosphorous (Total) P mg/L EPA 365.1 2 
Coast     
 Nitrogen (Total) N-mg/L SM17 4500-NO3(F) modified 4, 5 
 Phosphorous (Total) P mg/L SM17 4500-P-E 4, 6, 7 
References (Ref.): 1. (APHA, 1998); 2.(USEPA, 1993); 3. (ASTM, 2008); 4.(APHA, 2005); 5. 
(Bachmann and Canfield Jr, 1996); 6. (Menzel and Corwin, 1965); 7.(Murphy and Riley, 1962) 
 
 
data was fitted to a series of models using three to seven components. Initially, the 
determination of appropriate number of components depends on the shape of the estimated 
spectra and their similarities to known fluorophores.  
The data were split into two random halves, a calibration and a validation set (Harshman and 
Lundy, 1984). Calibration and validation sets were split again and each half was modeled 
independently stepwise for 3-7 components. The appropriate number of components was 
determined by comparing the excitation and emission spectra of components between 
calibration and validation data sets. Using this technique, it was determined that up to five 
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components could be validated. When more than five components were modeled, the results 
from the two halves differed, thus revealing that the results could not be calibrated. Residual 
analysis, looking for systematic patterns in the residuals, also revealed that the five-component 
model was adequate. Thus the model explained the majority of the variation in the EEMs. 
Canonical analysis of principal coordinates (CAP) 
Test of the multivariate null hypothesis of no differences among the seven sites was examined 
using non-parametric permutation multivariate analysis of variance (NPMANOVA) (Anderson, 
2001) and canonical analysis of principal coordinates (CAP) (Anderson and Willis, 2003). The F-
ratio in NPMANOVA is constructed from sums of squared distances within and between groups 
(Anderson, 2001). The NPMANOVA test used 1000 permutations of raw data. CAP offers a 
constrained ordination that extends the dissimilarities among a priori groups (Anderson and 
Willis, 2003).  CAP analysis also computes the probability associated with differences between 
multivariate groups. Comparison of the known and allocated groups provides the mis-
classification error (Anderson and Willis, 2003). NPMANOVA and CAP analyses and plotting 
were preformed using fathom toolbox for MATLAB (Jones, 2012). The following optical 
parameters were included in CAP: PARAFAC components (C1-C5), Emmax, Fmax, aCDOM (312), 
aCDOM (250), DIN, DON, TN, DIN/F, and TN/F. 
Results 
PARAFAC model 
The five-component model was successfully validated using the split-half validation procedure. 
Components are shown in Figure 4.3 as contour plots and Figure 4.4 as excitation and emission 
spectra. Table 4.2 contains positions of the fluorescence maxima and characteristics of the five 
components identified by the PARAFAC model and examples of matching components 
identified by previous studies in which CDOM EEMs have been modeled in various coastal 
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environments and lab experiments. The PARAFAC model identified four humic-like 
components, two terrestrial and two marine humic substances, and one protein-like component. 
All components had two excitation maxima. Component 1 (C1) is terrestrial in origin and is 
common in various estuarine and marine environments. Component (C2) is red shifted 
compared to C1, and represents fluorophores that have the longest excitation and emission 
wavelengths.  Such excitation and emission characteristics are associated with terrestrial 
organic matter that is composed of high molecular weight, aromatic organic compounds, and 
more conjugated fluorescent molecules (Coble et al., 1998; Sharma and Schulman, 1999; 
McKnight et al., 2001; Stedmon and Markager, 2005b).  
Component 3 (C3) and component 4 (C4) have been recognized as representing marine humic 
substances, peak M, (Coble 1996) and DOM that has been newly formed by microbial 
metabolism (Stedmon and Markager, 2005b). This peak has also been observed in freshwaters 
influenced by agriculture (Stedmon and Markager, 2005a) as well as in groundwater (Baker and 
Genty, 1999; Conmy, 2008). Component C4 was blue-shifted and had a narrower emission 
range compared to C3. In the excitation spectra, the longer wavelength excitation peak of C3 
seemed flat and reduced relative to the UVC peak, which is indicative of fluorophores that have 
been partially photodegraded (Coble, 2007; Stedmon et al., 2007). Component 5 (C5) has 
excitation and emission wavelengths similar to tryptophan fluorescent (peak T), and represents 
autochthonous DOM. Peak T is believed to represent labile material produced as a result of 
biological production in surface waters (Determann et al., 1994; 1996; Coble et al., 1998). 
Previous PARAFAC studies have identified two protein-like fluorophores (Cory and McKnight, 
2005; Stedmon and Markager, 2005b; Stedmon and Markager, 2005a). In this study only one 
protein-like component was identified. 
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Figure 4.3. The EEM contours of the five different fluorescent components identified by the 
PARAFAC model.  
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Figure 4.4. Excitation (left) and emission (right) spectra of split-half validation results for five 
EEM PARAFAC components.  Spectra from two independent PARAFAC models on random 
halves of the data set (grey and dashed gray) and the complete data set (black lines). 
Overlapping of spectra validates the five-component model. 
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Table 4.2.  Position of the fluorescence maxima and characteristics of the five components. 
Identified by the PARAFAC model compared with previously identified sources. 
Component  
Exmax 
(nm) 
Emmax 
(nm) (Coble et al., 2014) 
Source 
1 240, 340 434 AC peak, 
230-260/400-460 
 
C peak  
320-350/420-470 
Humic-like, Terrestrial origin  
Component 4: <250, 360/440 (Ref. 2) 
Component 1: <250, 430*/452 (Ref. 6) 
Component 1: <260*, 370*/460* (Ref. 7) 
Component 1: <240, 320/428 (Ref. 8) 
2 255, 370 502 AC peak,  
230-260/400-460  
     
C peak, 
320-350/420-470 
Humic-like, Terrestrial origin 
Component 3: 270, 360/478 (Ref. 1) 
Component 2: 250, 285/504 (Ref. 2) 
Component 3: 260, 370/490 (Ref. 4) 
Component 3: 275, 390/479 (Ref. 5) 
Component 4: 270, 390/508 (Ref. 6) 
Component 5: 270*, 405*/>500* (Ref. 7) 
Component 3: 270,400/492, (Ref. 8) 
3 245, 295 420 AM peak  
240/350-400 
 
M peak  
290-310/370-420 
Marine/microbial and Terrestrial humic like 
(1) Marine humic 
Component 2: 315/418 (Ref. 4: peak M)  
(2) Terrestrial humic-like 
Component 3: <250, 305/412 (Ref. 2) 
Component 3:  <260*, 305*/ 415*  (Ref. 7) 
Component 6: <260*, 320*/405*  (Ref. 7)  
4 <240, 310 384 AM peak  
240/350-400 
 
M peak  
290-310/370-420 
Marine/microbial humic and Anthropogenic  
(1) Marine/microbial humic 
Component 2: <240,340/398 (Ref.3; peak AM) 
Component 3: <295/398 (Ref.3; peak M) 
Component 6: <260,325/385 (Ref.5) 
Component 3: <250,310/400 (Ref.6) 
Component 4: <260*, 305*/380* (Ref. 7) 
(2) Anthropogenic, agricultural 
Component 6: <250,320/400 (Ref. 2)  
Component 2: <240,315/384 (Ref. 8)                                                             
 
5 <240, 275 334 AT peak 
230/340-350  
 
T peak 
275/340-350 
Tryptophan-like, amino acids,  
Microbial origin   
Component 6: 280/344 (Ref. 2; peak T) 
Component 4: 275/338 (Ref. 3; peak T) 
Component 6: 280/328 (Ref. 4; peak T) 
Component 4: 280/318 (Ref. 5; peak T)  
Component 5: 270/332 (Ref. 6; peak B) 
Component 6: <250, 290/356 (Ref. 6; AT and T) 
The components resemble fluorescence characteristics of organic fluorophores with two 
excitation maxima and single emission maxima. References (Ref.): 1. Stedmon (2003); 2. 
(Stedmon and Markager, 2005a); 3. (Stedmon and Markager, 2005b); 4. (Murphy et al., 2008); 
5. (Yamashita et al., 2008); 6. (Kowalczuk et al., 2009); 7 (Chen et al., 2010); 8 (Stedmon et al., 
2011). Asterisks indicate an approximation of wavelength values. 
 
Characterizing sites by components 
The five identified fluorescent components occur in different proportions in various water 
masses. The fluorescence intensities of individual components were used to characterize 
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CDOM composition in different sites in the Kings Bay area. Spring, KBS and well sites were 
further divided based on preliminary analysis of the data. Groups are as follows: north springs 
(NS), southern springs (SS), KBN 1-3 (NKBS) located in Cedar and Hunter Cove and 
characterized by high DIN, KBN-C-S 4-12 (SKBS), wells with Fmax<6 ppb QSE (Low W), wells 
with Fmax>6 ppb QSE (Hi W), Coast, and LNR. NKBS are to the east of the 250 mg Cl/L isochlor, 
and SKBS and to the west (Fig. 4.2). Figure 4.5 shows the average CDOM fluorescence of each 
component in the sites. LNR had the highest average fluorescence for all components, while NS 
had the lowest average fluorescence values for all components. Component C1, which is 
ubiquitous and has been found in all natural water masses, had the highest average 
fluorescence across all sites except for Coast sites, in which it showed close to the same 
magnitude as component C3. SKBS had relatively the same average fluorescence across all 
components. In the northern springs (NS) and wells (Low W and Hi W), the average CDOM 
fluorescence pattern is: C1 >C4 >C2> C3> C5 (note that C4 was higher than C3 and C2). It was 
expected wells and springs would have a similar composition because they have a groundwater 
source. The average CDOM fluorescence pattern for sites SS, SKBS and LNR is: C1 >C2 >C3> 
C4> C5 (note that in SS sites, C3 was slightly lower than to C4). In the NKBS sites, the mean 
fluorescence pattern is: C1>C2=C5>C4>C3 (note that C5 was higher than C4 and C3). Coast 
sites were defined by the following average CDOM fluorescence pattern: C1=C3>C2=C4>C5. 
The mean fluorescence of each component relative to C1 accentuates the dissimilarities in 
composition by removing the substantial differences in concentrations (Figure 4.6). The highest 
ratio of C2/C1 was present in the SKBS (0.95) and the lowest mean ratio of C2/C1 was in the 
Low W sites (0.56). NS and Low W sites were dominated by average ratio of C4/C1, which were 
0.76 and 0.94, respectively. C4 is one of the marine components, and the high C4 in these sites 
could be due to in situ microbial activity in the aquifer (Hazen et al., 1991; Whitman et al., 1998; 
Griebler and Lueders, 2009).  In relation to C1, components C3 and C5 had more variability. 
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Wells (Low W and Hi W) and NS had the lowest average ratio for C3 (0.28-0.36), a marine 
humic like component, while Coast had the highest average ratio for C3 (1.1). Coast had C3/C1 
ratio three times higher than in Low wells. NKBS and SKBS had the highest mean ratio for 
C5/C1 among sites (0.84 and 0.88, respectively). The composition of the NKBS sites was 
dominated by the ratio of C5/C1.  Component C5 is a protein-like peak and thus an indication of 
biological inputs (Coble et al 1998) or wastewater (Baker, 2001; Baker et al., 2004; Hudson et 
al., 2008a).  The lowest C5/C1 ratio was in SS (0.17) and LNR (0.20) sites indicating that 
microbial inputs do not dominate the CDOM composition in these sites. 
 
 
Figure 4.5. Composition of sites and subcategories depicted by mean fluorescence of the five 
PARAFAC model components. Eight sites and subcategories are as follows: North springs (NS, 
n= 52), southern springs (SS, n=17), KBS 1-3 located in Cedar Cove and characterized with 
high DIN values (NKBS, n=18), KBS 4-12 (SKBS, n=54), wells with Fmax<6 ppb QSE (Low W, 
n=38), wells with Fmax>6 ppb QSE (Hi W, n=14), Coast (n=40), and lakes and rivers (LNR, 
n=18). Values are average fluorescence for years 2010 and 2011. Note that the y-axis has a log 
scale. 
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Figure 4.6.  Mean fluorescence ratios for sites. Values are ratios of each component’s average 
fluorescence (C2, C3, C4, and C5) to the average fluorescence of C1. Sites included are north 
springs (NS, n= 52), southern springs (SS, n=17), KBS 1-3 located in Cedar Cove and 
characterized with high DIN (NKBS, n=18), KBS 4-12 (SKBS, n=54), wells with Fmax<6 ppb QSE 
(Low W, n=38), wells with Fmax>6 ppb QSE (Hi W, n=14), Coast (n=40), and lakes and rivers 
(LNR, n=18). Values are average fluorescence for years 2010 and 2011. 
Fluorescence of peak C and PARAFAC components vs. salinity 
Figure 4.7 shows a positive relationship between salinity and fluorescence intensity at NS, SS, 
and KBS sites. This is in contrast to results reported in other coastal environments, which almost 
without exception show a negative correlation due to high concentrations of CDOM in terrestrial 
water sources. All spring samples and all KBS samples show low CDOM values compared to 
Coast samples, with CDOM concentrations in the springs samples near zero. For Kings Bay at 
low tide, the salinity endmember at 8 is 35 ppb QSE and the zero salinity endmember is 
0.64±0.21 ppb QSE (Fig. 3.3). These results indicate that the source of CDOM is not the 
freshwater from the springs, but CDOM derived from coastal waters adjacent to Kings Bay.  
Additionally, Figure 4.7 depicts two different mixing patterns. The NS, SS and KBS samples 
show a significant positive linear correlation between salinity and fluorescence intensity, and 
Coast sites show a scattered and variable relationship. The relatively high discharge of low 
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CDOM meteoric groundwater of the northern springs and the Bays’ flushing times of 3-4 days 
explains the conservative mixing between the springs and KBS sites. In contrast, the variability 
among Coast sites could be due to multiple influences along the coast like CDOM outwelling 
from the tidal marshes and coastal swamps (tidal stage inconsistency for sampling Coast site 
sampling), SGD (diffuse seepage nearshore of low or high CDOM from the unconfined aquifer), 
Crystal River which discharges Kings Bay water, and/or currents bringing in water from 
Withlacoochee River (400 ppb QSE) and/or from the open ocean.  Furthermore, spring and KBS 
sites were sampled during low tide when spring discharge is maximum and salinity is minimum. 
At high tide, it is predicted that the mixing line between NS and KBS would have a lower slope 
due to a greater influence of waters from the outer estuary. Consequently, Kings Bay would 
appear more connected to Coast sites.  
 
Figure 4.7. Fmax versus salinity for northern springs (NS), southern springs (SS), Kings Bay 
surface (KBS), and Coast. NS, SS, and KBS sites show a positive relationship calculated with 
using the median (slope=4.1; Fig 3.3). Coast sites show a flat and variable relationship. 
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The analysis between salinity and the intensity of the fluorescence components from the 
PARAFAC model is shown in Figure 4.8. The relationship between SS components and salinity 
is variable and similar to that for Coast sites. Therefore, analysis was conducted for two groups  
1) NS/KBS and 2) SS/Coast. NS/KBS waters behaved conservatively for all components, 
although the R2 for C5 was low (Table 4.3). SS/Coast samples show a significant positive 
correlation for C3 and C5 both of which are typical in marine environments and indicative of 
highly productive waters (Coble et al., 1998). The significant correlation in C3 and C5 is driven 
by low fluorescence intensities of C3 and C5 at SS sites, possibly due to diagenetic processes 
occurring in the subterranean estuary.  
Although subterranean estuary and surface estuary (Kings Bay) are formed from the mixing of 
meteoric groundwater and seawater, the mixing lines are very different because mixing occurs 
in different environments. The source of CDOM and salinity in the subterranean estuary is from 
the seawater infiltration. The mixing in the subterranean estuary occurs within the aquifer, where 
aquifer solids in the carbonate platform modify the composition of the water and residence times 
are longer than in the surface estuary. This may explain the higher variability due to the 
biogeochemical processes in the aquifer. The source of CDOM and salinity in the Bay is from 
the subterranean estuary, which is a mixture of fresh and saline groundwater. The surface 
estuary receives inputs from fresh groundwater discharge in the north and from the 
subterranean estuary via the SS discharge, which mix in the bay to make KBS waters. Kings 
Bay has flushing times of 3-4 days (Hammet et al., 1996), which accounts for the significant 
correlation between NS and KBS. 
Examination of the ratio of individual fluorescence components C2-C5 relative to component C1 
fluorescence versus salinity (Figure 4.9) provides a slightly different perspective on the source 
of CDOM components. The patterns for C2/C1 and C3/C1 are similar in that they have a 
significant positive correlation for NS/KBS sites. The ratio of C2/C1 in SS/Coast does not 
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Figure 4.8. The relationship between salinity and fluorescence intensity of individual 
components identified from the PARAFAC model for northern springs (NS), southern springs 
(SS), Kings Bay surface (KBS) and Coast sites. 
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Table 4.3. Results of linear regression analysis between salinity and intensities of five individual 
components derived from the PARARFAC model and CDOM absorption coefficient aCDOM (312).  
Column1	   Parameter	   Slope	  m	   Intercept	  b	   R2	  
NS	  and	  KBS	  (n=124)	   	   	   	   	  
	   C1	   3.77	   1.69	   0.74	  
	   C2	   3.21	   0.79	   0.79	  
	   C3	   3.16	   0.20	   0.81	  
	   C4	   2.29	   1.34	   0.65	  
	   C5	   1.53	   1.21	   0.36	  
	   a312	   1.59	   -­‐0.01	   0.52	  
SS	  and	  Coast	  (n=57)	   	   	   	   	  
	   C1	   0.71	   14.31	   0.20	  
	   C2	   0.54	   10.91	   0.23	  
	   C3	   1.13	   7.32	   0.45	  
	   C4	   0.70	   7.29	   0.28	  
	   C5	   0.61	   2.11	   0.51	  
	   a312	   0.30	   3.24	   0.42	  
First group includes northern springs (NS) and Kings Bay surface (KBS) sites and second group 
is comprised of southern springs (SS) and Coast sites. Separate linear regressions were run on 
NS/KBS and SS/Coast. Variables of designated groups were fitted to linear equation 
y=m*Salinity+b. Significant R2 values are indicated by boldface type (p<0.01) and italics 
(p<0.05).  
 
change with salinity (2-28), suggesting that the dominant factor that controls the relationship 
between C1 and C2 is conservative mixing. This is consistent with observations in coastal 
regions where composition does not change until salinity 30, or the salinity at which seawater 
CDOM concentration roughly equals the CDOM concentration from rivers (Del Castillo et al., 
1999). In contrast, the pattern for C3/C1 in SS/Coast sties shows that composition in these sites 
is changing with the salinity, which is expected since C3 is a marine component. Coast samples 
had the highest C3/C1 ratio, indicating that C3 would be an excellent tracer the study’s Coast 
sites. 
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Figure 4.9. Relationships between ratio of individual components’ fluorescence intensities to C1 
and salinity for northern springs (NS), southern springs (SS), Kings Bay surface (KBS) and 
Coast sites. 
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The ratio of C4/C1 shows a trend opposite to that of C2/C1, with a negative relationship for 
NS/KBS sites. The SS sites had the lowest C4/C1 ratios. The NS and KBS outliers with low 
C4/C1 ratios were the sites with high C5 intensities. High C4/C1ratios in the NS sites could be 
due to microbial reprocessing in aquifer environments.  
There were no significant trends in the ratio of C5/C1. However, there is an interesting 
observation in NS/KBS sites. Several NS and KBS sites (n=8) have ratios of C5/C1 above 1 
(n=15, C5/C1>0.8). Ratios one and above are an indication that the protein peak is due to 
wastewater (Baker, 2001; Baker, 2002). The C5/C1 ratio at Coast sites ranged from (0.4-0.8), 
which could be an indication of biological inputs along the coast due to primary productivity 
(Coble et al., 1998). The SS sites had the lowest C5/C1 ratios, indicating a lack of microbial 
metabolism. 
CAP 
Discriminate analysis was carried out using the following sites; springs, KBS, wells, and LNR. 
Coast sites were excluded since they did not have DIN and DON calculations (NO3, NO2, and 
NH4 were not measured for Coast sites). CAP analysis included loading of components (C1-
C5), TN, DIN, DON, TN/F, DIN/F. MPMANOVA F-value was 19.9 with a p-value of 0.001, 
indicating that there are significant differences between groups and it is acceptable to proceed 
with CAP analysis. CAP indicated that the sites are different based on the optical and 
environmental parameters (p<0.001). The allocation of sites into the correct groups by CAP is 
83.5%, which is significantly different than by random chance allocation of 28.0% (p <0.001). 
There was a great separation of LNR from the other groups on canonical axes I which explains 
39.2% of the variability (Fig. 4.10 a). LNR has the following vectors in the same relative 
magnitude and direction: TN, aCDOM (312), Fmax, and DON. This suggests that the TN is mainly 
DON originating from the high CDOM in LNR sites. NS and well sites separated from SS and 
KBS sites along canonical axes II, which explains 32.0% of the variability. NS and wells sites  
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Figure 4.10.  Canonical analysis of principal coordinates (CAP) of data from the Kings Bay area 
with canonical axes (a). North springs (NS), south springs (SS), Kings Bay surface (KBS), wells, 
and lakes and rivers (LNR) are included. Coast sites are not included since DIN and DON 
parameters were not obtained for these sites. Vectors indicating the degree of correlation of 
environmental, optical parameters, and calculated ratio of DIN and TN to fluorescence 
maximum (DIN/F and TNF, respectively; b).  
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have the following vectors in the same relative direction listed in decreasing magnitude: C4, C1 
DIN/F, TN/F, and TP (Fig 4.10 b). This suggests that the source of nutrients is from the NS and 
well sites. DIN vector was also in the same general direction but with a slight offset toward LNR. 
The normalization of DIN to Fmax shifts the vector towards the well sites. Vectors corresponding 
to C2, C5, salinity, and Emmax differentiate KBS sites.  Although the C3 vector is greater in 
magnitude than other vectors pointing toward KBS sites, it had a slight offset toward LNR. 
The classification success of the leave-one-out cross-validation method in this CAP analysis 
varied from 73.7-100.0% (Table 4.4). Only one group, LNR, was discriminated 100% as result of 
high CDOM, TN and DON concentrations. Canonical axis I was good at distinguishing the LNR 
from the other sites, as there is no overlap. KBS sites had the second highest success 
percentage and were classified correctly 97.1%. Canonical axis II was good at discriminating 
KBS and remaining sites. SS were classified correctly 84.6% with 15.4 % of incorrectly 
classified falling into NS stations. NS sites were classified correctly 73.7% with most of the 
misclassification falling into KBS and wells. Wells sites were classified correctly 63.2% with the 
majority of the incorrectly classified falling into NS stations. The misclassifications among these 
sites are due to the fact that NS and wells are from the same source (meteoric groundwater), 
SS is a mix of NS and seawater, and the high discharge of NS relative to that of the SS strongly 
influences the KBS sites.  
Table 4.4 Confusion matrix using leave-one-out cross-validation for CAP analyses that excluded 
Coast samples.  
Sites n NS SS KBS Wells LNR 
NS 38 73.7 2.6 10.5 13.2 0.0 
SS 13 15.4 84.6 0.0 0.0 0.0 
KBS 70 2.9 0.0 97.1 0.0 0.0 
Wells 38 23.7 7.9 5.3 63.2 0.0 
LNR 11 0.0 0.0 0.0 0.0 100.0 
Values are predicted group membership (%). Bold values represent classification success (%).  
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In order to compare the Coast sites in discriminate analysis, a second CAP analysis was carried 
out using TN and TN/F and omitting DON, DIN, DIN/F. MPMANOVA’s F-value was 71.5 with a 
p-value of 0.001, indicating that there are significant differences between groups and it is 
acceptable to proceed with CAP. CAP indicated that the sites are different based on the optical 
and environmental parameters (p=0.001). The allocation of sites into the correct groups by CAP 
is 81.7%, which is significantly different than by random chance allocation of 21.6% (p=0.001). 
The first canonical axis explained 33.6% of the variability and the second canonical axis 
explained 32.9% of the variability (Fig. 4.11). Coast sites were differentiated by C3 and salinity 
vectors, which were in the same relative magnitude and direction.  Vectors for aCDOM (250) and 
spectral slope were in the same direction but with lower magnitudes. In this CAP analysis, the 
direction of C5 vector is in between Coast and NS/wells. Some KBS and well sites appear to be 
differentiated by vector C5. Vectors for C3 and C4, which represent two different marine-humic 
peaks (peak M), went in opposite directions. C4 vector is toward NS and well sites, and C3 
vector is toward Coast sites. Although C3 and C4 represent peak M, the two are from distinct 
sources; C3 comes from a marine source, while C4 is from a meteoric groundwater source. 
Discriminatory analysis showed that s aCDOM (250), and spectral slope are diagnostics of coastal 
waters to a lesser degree.  
The classification success of the cross-validation method in this CAP analysis varied from 52.6- 
100.0% (Table 4.5). Overall, the confusion matrix exhibited a similar pattern the previous one 
(Table 4.5) with a couple of exceptions. NS had a lower classification success (52.6%). Also 
there was more overlap in NS, SS, KBS and well sites due to the addition of Coast sites to the 
analysis. Coast sites depict an additional extreme endmember with little overlap with the rest of 
the sites. Thus causing a decrease in variation among the NS, SS, KBS and well sites. Coast 
sites were classified correctly 85.0% with 15.0 % of incorrectly classified falling into KBS 
stations. The overlap in these two groups is due to the fact that a couple of Coast sites lie on  
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Figure 4.11. Canonical analysis of principal coordinates (CAP) of data from the Kings Bay area 
with canonical axes (a). Northern springs (NS), southern springs (SS), Kings Bay surface (KBS), 
wells, Coast, and lakes and rivers (LNR) sites are included. Vectors indicate the degree of 
correlation of environmental, optical parameters, and calculated ratio of TN to fluorescence 
maximum (TN/F; b). 
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Crystal River. In fact, one Coast site is in close proximity to the Bay (Fig4.1). KBS sites are the 
headwaters of the River, thus it explains the misclassification. Unexpectedly, there was not any 
misclassification among SS and Coast sites, which could be due to the biogeochemical process 
in the subterranean estuary that affects the water composition.  
Table 4.5 Confusion matrix using leave-one-out cross-validation for CAP analyses that included 
Coast samples.  
Sites n NS SS KBS Wells Coast LNR 
NS 38 52.6 15.8 10.5 21.1 0.0 0.0 
SS 13 15.4 76.9 7.7 0.0 0.0 0.0 
KBS 70 1.4 0.0 98.6 0.0 0.0 0.0 
Wells 38 10.3 7.7 10.3 71.8 0.0 0.0 
Coast 40 0.0 0.0 15.0 0.0 85.0 0.0 
LNR 11 0.0 0.0 0.0 0.0 0.0 100.0 
Values are predicted group membership (%). Bold values represent classification success (%). 
 
Discussion 
Characteristics of excitation and emission spectra of components presented in this study fit 
adequately with components previously identified and reported in other studies. The similarity in 
spectral characteristics indicates the ability of the PARAFAC technique to be used as a tool to 
analyze optical properties of CDOM in various aquatic environments.  
Characterization of sites 
This study was able to able to characterize sites in Kings Bay based on optical and 
environmental parameters. Lakes and rivers were classified by high CDOM, TN, DON and low 
salinity. Fluorescent concentrations were comparable to a previous study of river discharge into 
the West Florida Shelf (WFS) that reported regional differences in river systems (Conmy, 2008). 
In that study, the northern river system had lower fluorescence (50-174 ppb QSE; Atchafalaya, 
Mississippi, Suwanee, Hillsborough, and Alafia Rivers) compared to the southern rivers (80-250 
ppb QSE; Manatee, Peace, Caloosahatchee and Shark River). The one exception was the 
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Suwannee River (121-391 ppb QSE), a swamp-fed river in northern Florida that had higher 
fluorescence intensity than the northern rivers. The Withlacoochee River is part of the LNR sites 
in this study and lies between the Suwannee and Hillsborough River from the previous study. 
The Withlacoochee River (106-342 ppb QSE) is similar to the Suwannee River in that it has 
comparable fluorescence intensities and originates in a swamp, which is a source of high 
CDOM concentrations (Dillon and Molot, 1997; Aitkenhead et al., 1999; Mulholland, 2003). 
Overall, LNR sites (68-490 ppb QSE) were more similar to fluorescence intensities of the 
southern river system described in Conmy (2008). The optical and environmental 
characterization of LNR suggests that the high TN is mainly DON originating from the natural 
sources.  
The second highest CDOM concentrations were observed in the coastal sites. Coast sites had 
medium values of nutrients and were mainly characterized by component C3 and salinity. The 
characterization of coastal waters by C3 is consistent to previous studies that have reported the 
presence of Peak M in productive marine waters (Coble, 1996; Coble et al., 1998). The broad 
emission maximum of C3 most likely represents a group of fluorophores with very similar 
fluorescence characteristics and variability. The second peak (Exmax=295 nm) of component C3 
is flat (Fig. 4.3) which suggests that it is a partially photodegraded component. Stedmon et al. 
(2007) reported a partially-photodegraded component with a weaker second emission similar to 
this study’s C3. Since there are higher concentrations of CDOM in the marine waters, self-
shading from sunlight explains the partially photodegraded product. Thus, C3 was diagnostically 
important in discriminating marine DOM from terrestrially or anthropogenically derived material. 
Although DOM in coastal sites was mainly composed of marine-humic like component, C3, 
there was little contribution of C5 which is another component attributable to biological inputs 
(Coble, 1996; Coble et al., 1998).  
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Meteoric groundwater in NS and well sites was characterized by high nutrients, low CDOM and 
component C4. High nutrients and low CDOM concentrations are an indication of anthropogenic 
influence and not natural sources. Component C4 represents one of blue-shifted humic peaks 
(peak M) that have been found in both fresh and marine water. Baker and Genty (1999) were 
the first to observe a distinct blue-shifted fluorescent center in groundwater samples 
(Ex/Em=230-280/310-420 nm). Since that study, additional groundwater studies have reported 
humic peaks in groundwater at shorter wavelengths (blue-shift) (Baker and Lamont-Black, 2001; 
Mostofa et al., 2007b; Conmy, 2008), which is indicative of peak M. Furthermore, Stedmon et al. 
(2011) conducted a PARAFAC analysis on samples from a groundwater based drinking facility 
and reported a component (C2, Exmax/Emmax =315/384 nm) which overlapped this study’s C4 
(Exmax/Emmax =240,310/384 nm). Another study reported a PARAFAC anthropogenic peak (C6, 
Exmax/Emmax =<250,320/400 nm) in the same region as peak M that dominated the fluorescence 
of wastewater DOM (Stedmon and Markager, 2005a). The latter peak also overlaps C4 from 
this study. Since NS and well sites are also characterized by high nutrients, there is a possibility 
that the dominance of C4 is due to wastewater since Kings Bay springshed impacted by 
agricultural practices and septic tanks. However, it is more moderate to deduce that the 
dominant form of CDOM in groundwater is from natural in situ microbial activity (Hazen et al., 
1991; Whitman et al., 1998; Griebler and Lueders, 2009). Thus, C4 was diagnostically important 
in discriminating meteoric groundwater. 
Northern KBS sites and four NS sites in Cedar and Hunter Cove were characterized by low 
CDOM, high nutrients and component C5. Component C5 is similar to tryptophan-like 
fluorescence, which typically represents dissolved organic matter that is autochthonous in 
natural environments. However individual samples taken in the northern part of the bay had 
C5/C1 ratios that exceeded 1. High concentrations of protein peaks in relation to humic peaks 
have been linked to wastewater sources (Baker, 2001; Baker, 2002). Additional studies have 
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found tryptophan-like fluorescence to be a useful marker to track pollution from sewage outfalls 
(Baker, 2001; Baker et al., 2004; Hudson et al., 2008a). Furthermore, in laboratory 
contamination experiments, Stedmon et al. (2011) found fluorescence intensity increased in 
tryptophan-like components due to wastewater additions. Thus, the contribution of C5 in the 
northern part of the Bay is indicative of wastewater sources. It is likely that the sites in the north 
could be affected by septic tank leachate in the immediate area and C5 can be used to track 
wastewater contamination in the Bay. 
In relation to the northern springs, the southern springs are characterized by high CDOM, high 
salinity, and low DIN. The southern springs were mainly characterized by component C2, which 
is indicative of terrestrial sources. A fraction of the composition of southern springs is made up 
of coastal waters, which are influenced by terrestrial CDOM via rivers. Subterranean estuaries 
have longer residence (weeks-years) times than do surface estuaries (days-weeks), which 
could permit terrestrial sources to accumulate in the aquifer. The southern spring sites were 
also characterized to a lesser degree by both C3 and C4, which is consistent with the fact that 
there is a mixture of seawater characterized by C3 and meteoric groundwater characterized by 
C4 in the aquifer. Additionally, southern springs had the lowest protein concentration of C5, 
indicating the absence of protein-like DOM fluorescence. This pattern of DOM processing in 
subterranean estuaries is consistent with macro-algae degradation experiments in which the 
temporary production of peak M and protein-like fluorescence eventually declined and was 
followed by a net accumulation of Peak C fluorescence (Parlanti et al., 2000). 
The data set indicates that the northern and southern springs have different optical and 
environmental parameters due to a difference in their source waters. The separation between 
the northern and southern springs as determined in this study fits with the location of the 250 
mg Cl/L isochlor reported in Champion and Starks (2001). The springs to the east of the isochlor 
discharge low CDOM fresh water and the springs to the west discharge high CDOM brackish 
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water. The approximate isochlor also represents the boundary of the subterraneous estuary. 
Long-term studies can also give insight to the increased short-term discharge of pollutants in 
groundwater after high intensity storm events (Smith et al., 2008). High temporal resolution 
studies in Kings Bay can contribute to the understanding of the dynamics of subterranean 
estuaries, SGD mechanisms, and seawater intrusion into the Floridan Aquifer.  
Relationship between CDOM and salinity 
The unique Kings Bay estuary demonstrates a rare positive relationship between CDOM and 
salinity. Mixing of low CDOM freshwater and high CDOM seawater is the main controlling factor 
in the Bay. This is very rare because almost without exception freshwater is the source of 
CDOM in coastal areas. The results in this study area indicate that the source of CDOM is not 
the freshwater from the springs, but CDOM derived from coastal waters adjacent to Kings Bay, 
which mix in the subterranean estuary that underlies the western shores of the Bay and 
discharges into the Bay via the SS.  
Sources of CDOM in the Coast sites are from Withlacoochee River and marsh outwelling. A 
major source of CDOM to coastal areas is riverine discharge (Del Castillo et al., 2000). The high 
CDOM concentration from the Withlacoochee River (106-342 ppb QSE) is a source of CDOM in 
this study’s coastal sites. An additional source of CDOM in coastal waters could be derived from 
inputs from the coastal marsh (Fry et al., 1992). Tzortziou et al. (2008) reported that salt marsh 
DOM had higher fluorescence and absorption when compared to DOM from adjacent estuaries. 
Additionally, Alberts et al. (2004) attributed the gain of carbon to the St. Mary’s River estuary to 
exports from the coastal marshes in the area. The coastal swamp/marsh area is adjacent to the 
study area and can be contributing to the CDOM source. 
Although there is in overall positive relationship between CDOM and salinity in the study area, 
two mixing patterns are depicted because there are two distinct estuaries. It has been noted that 
different CDOM mixing lines depending on the estuary type and freshwater influence. Bowers 
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and Brett (2008) showed that the estuary’s morphogenesis can influence the behavior of CDOM 
mixing. The first estuary is Kings Bay, which is relatively small (approximately 1 km2). The only 
outlet is via Crystal River, which runs six miles before it discharges into the coastal area. The 
high discharge of the meteoric groundwater in the northeast of the Bay drives the CDOM 
mixing. The second estuary is in the immediate coastal area near Crystal River. This estuary 
covers a larger area (approximately 60 km2), is not enclosed, and is affected by many factors 
like the coastal marsh area, SGD, biogeochemical processes in the subterranean estuary, 
Crystal River, and Withlacoochee River. Thus, there is one mixing line and a separate mixing 
pattern due to the differences in estuary’s morphogenesis and water sources.  
Another factor that can confound the study of CDOM in coastal areas is when multiple rivers 
discharge into the same region (Cabaniss and Shuman, 1987; Coble, 1996). Rivers contribute 
different amounts of CDOM with different optical properties thus adding to the CDOM variability. 
The coastal area has two very different rivers discharging into the area. The Withlacoochee 
River, which is 10 km north of the study area, has higher CDOM values, 100-340 ppb QSE and 
lower salinity (0.1). Crystal River has CDOM values of 16-34 ppb QSE (6-12 salinity) and is 
closer in proximity to the coastal sites in this study. Thus the dynamics of these two rivers 
influence the CDOM variability in the coastal system. 
Figure 4.12 shows the relationship between fluorescence and salinity for the sites in this study, 
Florida rivers, and WFS. The range of CDOM concentrations in terms of fluorescence intensity 
from the various rivers is delineated by zero salinity endmember and an endmember of 1 ppb 
QSE at salinity 36. Southern rivers (Manatee, Peace, Caloosahatchee and Shark River) and 
Suwannee River from the Conmy (2008) study fall within the range of the Withlacoochee River 
(data not shown). The Coast sites from this study fall within the range of the Withlacoochee 
River and the northern rivers (Atchafalaya, Mississippi, Hillsborough, and Alafia Rivers). Overall, 
the figure suggests that the Coast sites are being diluted by the Crystal River making if difficult 
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to distinguish between river and tidal marsh CDOM source, However, high temporal resolution 
studies of the Coast sites could give insight to the amount of contribution of CDOM from coastal 
marsh outwelling versus from the Withlacoochee River. 
 
Figure 4.12. Relationship between fluorescence and salinity for the sites in this study and rivers 
from the Conmy (2008) study. The range of fluorescence intensities of the Withlacoochee River 
(blue dashed lines) and the Northern Rivers (gray dashed lines; Atchafalaya, Mississippi, 
Hillsborough, and Alafia Rivers) from Conmy (2008) are shown. Endmember of 1 ppb QSE at 
salinity 36 was used. Southern Rivers (Manatee, Peace, Caloosahatchee and Shark River) and 
Suwannee River from Conmy (2008) (data not shown) fall within the range of Withlacoochee 
River. The linear mixing line for Kings Bay is shown by the red line, Northern Rivers by the gray 
line, and West Florida Shelf (WFS) by the blue line. 
 
Discriminatory classification 
Many techniques have been used to interpret the distribution of optical as a function of 
environmental parameters. Discriminatory classification has been used with traditional optical 
parameters, such as measurements of Peak C, T, and B, spectral slope and Emmax (Spencer et 
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al., 2007). These were found to distinguish between natural and anthropogenic sources. This 
study shows that spectral slope and Emmax were not as significant in the discrimination as were 
the PARAFAC components. This study is an advance to the previous study in that it includes 
the components from PARAFAC modeling. Stedmon and Markager (2005a) found that when 
there are significant non-linear relationships between fluorescence intensities of components, 
PARAFAC provides a tool for recognizing components that are being controlled by the similar 
factors and for identifying divergences from an overall pattern. This study shows that PARAFAC 
along with CAP analysis is a more powerful tool to understand the components distribution 
patterns in the environment than is PARAFAC alone.  
This type of analysis is important in long-term studies in conjunction with implementation of 
mitigation efforts. In February 2012, four of the spring sites (Hunter, House, Idiot’s Delight, and 
Black springs) were verified by the Florida Department of Environmental Protection as impaired 
by nutrients and determined to be contributing to the degraded condition of Kings Bay. 
Allowable thresholds of nutrients in Kings Bay are being established and must be met by the 
beginning of 2014. Kings Bay is benefiting from a Florida springs restoration project designed to 
improve water quality. The restoration project in Kings Bay includes creating a living shoreline, 
stabilizing shorelines, and re-vegetating aquatic plants. Additionally, a reclaimed water project is 
expected to reduce the input of nutrients and groundwater withdrawals.  Furthermore, a cost-
share initiative program (Facilitating Agricultural Resource Management Systems, FARMS) will 
implement agricultural best management practices and is expected to help reduce groundwater 
use and nutrient loading within the springshed. Tracking the changes in CDOM and nutrient via 
the analysis presented herein is crucial in mitigation projects because it can be used as an 
additional tool to understand and measure water quality improvement. 
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Conclusions 
(1) PARAFAC modeling deconvolved the EEMs into five discrete components: two humic-like, 
two marine-like, and one protein-like. The average ratio of components differentiated the among 
the different sites in the Kings Bay springshed by fluorescence composition. This study showed 
the peak M is produced in marine environments as well as in terrestrial environments, but had 
sufficiently different excitation and emission properties to cause separation into two 
components, one of which appeared as partially photodegraded. Sites in the north of the Bay 
showed high ratios of a protein-like component, which is an indication of wastewater 
contamination. The results of this study validate that it is possible to use EEMS PARAFAC as 
an additional tool for characterizing CDOM fluorescence spectra. PARAFAC modeling 
technique when used in conjunction with multivariate analysis has the potential to develop into 
valuable tools within the environmental sciences to track sources of nutrient pollution 
(2) The results of the discriminatory analyses indicate that the combination of traditional optical 
parameters, PARAFAC model components, and nutrient parameters was more valuable in 
identifying and tracking nutrient and water sources across water bodies than use of any of these 
data sets alone. In particular, PARAFAC model components C3 and C4, Fmax, TN, and DIN 
were valuable diagnostics in the classification of the sites that are terrestrially and 
anthropogenically impacted. This study is a significant advance over previous studies in that the 
novel approach of modeling the CDOM variability (PARAFAC) in conjunction with nutrient data 
was used in discriminatory analyses. This study also shows that it is possible to classify waters 
into distinct groups and to distinguish between waters derived from different sources with optical 
and environmental parameters. Additionally, this study presents a valuable tool to understand 
and measure water quality improvement that can be used in mitigation projects.  
(3) Kings Bay is a unique coastal estuary in that it exhibits a positive relationship between 
CDOM and salinity. The tight relationship at low salinities and low CODM concentrations 
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suggest that the high discharge of low CDOM meteoric groundwater from northern springs is the 
principal driving force that controls CDOM variability. CDOM sources in the Bay are from the 
subterranean estuary via the southern springs. The southern springs and KBS sites show clear 
evidence of conservative mixing; however, there appears to be an additional CDOM source in 
coastal waters that was not identified in this study. High temporal resolution studies in the 
complex system of Kings Bay can contribute to the understanding of the dynamics of 
subterranean estuaries and seawater intrusion into the Floridan Aquifer.  
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Chapter 5: 
 
General Conclusions 
The research presented has provided a characterization of CDOM optical properties and 
environmental parameters in a region of the Floridan Aquifer system, including lakes and rivers 
in the Crystal River springshed, Kings Bay springs and surface waters, Crystal River, and the 
immediate coastal area. Additionally, the study has demonstrated the value of combining optical 
properties with chemical and physical properties to determine the source of high nitrogen in the 
springs. The combination of parameters indicates different source waters impact the springs. 
The northern springs discharge fresh groundwater and are affected by anthropogenic inputs of 
DIN. In contrast, southern springs discharge brackish groundwater from the subterranean 
estuary and are affected by a natural source of nitrogen due to saltwater with high CDOM 
mixing in the aquifer. 
Kings Bay is a unique coastal estuary in that it has a positive relationship between CDOM and 
salinity in contrast to nearly all other riverine systems in which the low salinity endmember has 
the highest CDOM content. The high discharge of low CDOM fresh groundwater from the 
northern springs is the principal driving force that controls CDOM variability in the Bay. Salinity 
and CDOM sources in the Bay are from the subterranean estuary via southern springs, 
indicating that there is saltwater mixing in the subterranean estuary. Northern springs and KBS 
sites show clear evidence of conservative mixing: however, factors other than conservative 
mixing appear to be involved in subterranean estuary and coastal waters’ CDOM distributions, 
perhaps an additional CDOM source from the coastal marsh area or biogeochemical processes 
in the subterranean estuary.  
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PARAFAC and CAP analyses provided further understanding of the composition of CDOM and 
source of nutrients in coastal systems. PARAFAC deconvolved the study area’s EEMs into five 
discrete components: two humic-like, two marine-like, and one protein-like. This study showed 
that peak M is produced in marine environments as wells as meteoric groundwater. 
Discriminatory analysis helped identify the sources of nutrient pollution in the environment. The 
results of this study validate that it is possible to use EEMS PARAFAC as an additional tool for 
tracing nutrients. Fluorescence measurements are fast, convenient, comparatively inexpensive, 
and provide a measurement without altering the water composition. PARAFAC when used in 
conjunction with multivariate analysis can be a useful tool in making watershed management 
decisions. 
 
Figure 5.1. Cross section of Kings Bay springshed. Northern springs (NS) and southern springs 
(SS) discharge into Kings Bay (KBS). 
 
A summary of the circulation in Kings Bay reflects the properties of the sites. The coastal water 
mixes with the fresh groundwater in the subterranean estuary (STE). The water from the STE 
discharges in the southern part of the Bay (Fig. 5.1). These sites (Coast, southern springs, sand 
southern Kings Bay surface) are characterized by high CDOM, high DON, high salinity, and the 
microbial photobleached component C3, In the northern part of the Bay, fresh groundwater is 
discharged at greater magnitude and influences the northern part of the Bay. Contrarily, these 
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sites (wells, northern springs, and northern Kings Bay surface) are characterized by low CDOM, 
low salinity, high DIN, and fresh microbial humic like component C4. The water from the STE 
(SS) and the freshwater springs (NS) mix in the Bay and are the headwaters of Crystal River 
which discharges into the Gulf of Mexico. High CDOM, high DON, and low salinity characterize 
the lakes and river sites, which do not directly influence the springs or Kings Bay. However, the 
Withlacoochee River and marsh outwelling contribute to the higher CDOM observed in the 
Coast sites that influences the STE.  
Recommendations for future studies of CDOM in springs include in situ monitoring in the 
northern springs to resolve the tidal and temporal influences. Continuous discharge 
measurements at these springs are also recommended. It is also highly recommended that 
monitoring wastewater parameters, like E. coli, sucralose, and nitrogen (δ15N) and oxygen 
(δ18O) isotopes be used to discriminate the DIN source. Additional wells should be sampled on 
the western shore of Kings Bay, in proximity to the southern wells. Additionally, high temporal 
resolution studies in Kings Bay can contribute to the understanding of the dynamics of 
subterranean estuaries, SGD mechanisms, and seawater intrusion into the Floridan Aquifer. 
A more regional study in Florida’s Spring Coast can give further insight to the understanding of 
nutrient contributions from SGD to sensitive estuarine ecosystems. Along Florida’s Springs 
Coast there are several smaller estuaries similar to Crystal River. A long-term study in these 
areas, including Kings Bay, can provide insight to nutrient discharge from these unique 
estuarine environments. Tracking the changes in CDOM and nutrients via the analysis 
presented in this study is crucial in mitigation projects because it can be used as an additional 
tool to understand and measure water quality improvement.  
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Appendix A. Optical data for springs. 
Site Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 
280-350  
nm (m-1) 
Exmax 
(nm) 
Peak 
AC 
Emmax 
(nm) 
Peak 
AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak C 
AC to 
C ratio 
Catfish 1/19/2010 13:00 ND ND 424 240 2.60 422 325 1.30 2.00 
Hunter 1/19/2010 14:15 ND ND 412 235 2.70 417 325 1.40 1.93 
Magnolia Circle 1/19/2010 12:40 ND ND 430 245 3.10 424 325 1.70 1.82 
Parker Island 1/19/2010 13:40 ND ND 440 245 5.90 428 325 3.30 1.79 
Tarpon Hole 1/19/2010 14:00 ND ND ND ND ND ND ND ND ND 
Catfish 4/15/2010 12:15 0.45 0.018017 426 240 4.00 429 325 2.20 1.82 
Hunter 4/15/2010 13:20 0.34 0.018474 428 240 2.90 425 330 1.50 1.93 
Magnolia Circle 4/15/2010 12:15 0.41 0.018664 428 240 4.80 425 325 2.50 1.92 
Parker Island 4/15/2010 12:50 0.66 0.017945 436 240 8.00 424 325 4.10 1.95 
Tarpon Hole 4/15/2010 13:00 1.17 0.014907 436 240 11.20 426.5 325 5.80 1.93 
Catfish 7/28/2010 13:15 0.28 0.016785 431 245 4.00 427 330 2.00 2.00 
Hunter 7/28/2010 13:15 0.26 0.018341 427 240 3.44 417 325 1.70 2.02 
Magnolia Circle 7/28/2010 13:00 0.56 0.016264 434 245 5.90 426 330 3.00 1.97 
Parker Island 7/28/2010 13:40 0.74 0.015878 435 240 11.14 430 330 5.50 2.03 
Tarpon Hole 7/28/2010 14:00 2.01 0.016925 440 245 37.00 432 330 18.00 2.06 
Jurassic 7/28/2010 12:25 0.31 0.014485 428 250 1.00 411 330 1.60 0.63 
Three Sisters No. 1 7/28/2010 12:30 0.18 0.019241 421 240 4.00 419 330 2.10 1.90 
Black 7/28/2010 14:30 4.31 0.016793 437 245 80.00 431 330 40.00 2.00 
Golfview Boathouse  7/28/2010 14:30 0.39 0.017095 431 245 6.40 420 330 3.30 1.94 
House 7/28/2010 11:55 0.17 0.019142 424 245 1.73 415 330 1.00 1.73 
Idiots Delight 7/28/2010 12:00 0.28 0.014442 424 240 5.50 417 330 1.90 2.89 
Millers Creek 9/9/2010 12:15 3.54 0.014951 442 240 37.40 437 330 18.50 2.02 
Sids 7/28/2010 15:15 3.95 0.016982 437 245 74.30 431 330 36.90 2.01 
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Appendix A. Optical data for springs (cont.). 
Site Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 
280-350  
nm (m-1) 
Exmax 
(nm) 
Peak 
AC 
Emmax 
(nm) 
Peak 
AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak C 
AC to 
C ratio 
Catfish 10/25/2010 13:00 0.21 0.022125 421 235 4.50 417 325 1.95 2.31 
Hunter 10/25/2010 13:50 0.21 0.024823 416 230 6.10 416 325 2.30 2.65 
Magnolia Circle 10/25/2010 13:00 0.35 0.018660 425 235 8.30 423 331 3.50 2.37 
Parker Island 10/25/2010 13:50 0.73 0.016894 427 235 13.00 425 330 5.80 2.24 
Tarpon Hole 10/25/2010 13:40 2.32 0.016230 421 235 23.90 424 325 9.88 2.42 
Jurassic 10/25/2010 12:45 0.24 0.021859 411 230 7.80 418 330 3.00 2.60 
Three Sisters No. 1 10/25/2010 13:00 0.18 0.017644 401 225 4.50 411 325 1.40 3.21 
Catfish 1/19/2011 11:15 0.23 ND 432 245 3.32 424 315 1.49 2.24 
Hunter 1/19/2011 12:50 0.00 ND 428 245 3.07 428 320 1.30 2.36 
Magnolia Circle 1/19/2011 10:55 0.15 ND 438 245 3.48 424 325 1.62 2.15 
Parker Island 1/19/2011 11:50 0.69 0.025775 432 245 8.02 434 325 3.57 2.24 
Tarpon Hole 1/19/2011 12:30 2.76 0.014982 438 245 34.20 430 315 15.14 2.26 
Jurassic 1/19/2011 14:00 0.00 ND 424 240 1.65 414 320 0.72 2.29 
Three Sisters No. 1 1/19/2011 11:35 0.12 0.017628 422 240 4.43 418 310 1.86 2.38 
Black 1/19/2011 16:22 4.15 0.016996 440 245 61.60 432 320 27.70 2.22 
Catfish 4/18/2011 11:50 0.23 0.012831 448 255 3.30 424 310 1.70 1.94 
Hunter 4/18/2011 12:55 0.23 ND 440 255 2.53 420 305 1.40 1.81 
Magnolia 4/18/2011 11:50 0.23 0.013598 440 255 3.74 422 315 1.93 1.94 
Parker Island 4/18/2011 12:35 0.69 0.016202 448 255 7.83 428 315 4.04 1.94 
Tarpon Hole 4/18/2011 12:00 1.61 0.016680 444 255 20.81 428 315 10.16 2.05 
Jurassic 4/18/2011 13:30 0.23 ND 436 255 1.65 416 310 0.92 1.80 
Three Sisters No. 1 4/18/2011 12:00 0.23 0.012026 436 255 3.10 418 305 1.80 1.72 
Black 4/18/2011 13:10 4.61 0.016830 446 255 59.02 430 310 29.68 1.99 
Golfview Boathouse  4/18/2011 14:25 0.46 0.018295 440 255 5.54 424 320 2.88 1.92 
House 4/18/2011 14:30 0.46 0.021004 432 255 2.29 422 310 1.44 1.59 
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Appendix A. Optical data for springs (cont.). 
Site Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 
280-350  
nm (m-1) 
Exmax 
(nm) 
Peak 
AC 
Emmax 
(nm) 
Peak 
AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak C 
AC to 
C ratio 
Idiots Delight 4/18/2011 12:45 0.23 0.021082 430 255 2.75 416 315 1.50 1.83 
Millers Creek 4/18/2011 14:10 4.15 0.015339 450 255 30.63 444 330 15.06 2.03 
Sids 4/18/2011 13:50 4.15 0.017197 444 255 53.54 430 320 26.60 2.01 
Catfish 7/18/2011 13:20 0.46 0.019538 440 255 3.59 424 315 1.99 1.80 
Hunter 7/18/2011 14:15 0.23 0.009763 444 255 2.79 424 320 1.49 1.87 
Magnolia 7/18/2011 12:45 0.23 0.014382 440 255 4.06 426 310 2.19 1.85 
Parker Island 7/18/2011 13:50 0.69 0.016517 450 255 8.51 428 320 4.37 1.95 
Tarpon Hole 7/18/2011 13:35 2.30 0.016934 444 255 24.74 430 310 13.07 1.89 
Jurassic 7/18/2011 15:00 0.23 ND 440 255 1.60 414 315 0.95 1.69 
Three Sisters No. 1 7/18/2011 13:45 0.23 0.009634 442 255 3.90 422 320 2.02 1.93 
Black 7/18/2011 14:25 5.30 0.016768 448 255 60.35 430 310 30.67 1.97 
Golfview Boathouse  7/18/2011 10:45 0.46 0.020506 440 255 7.59 426 320 3.76 2.02 
House 7/18/2011 15:35 0.23 0.012654 430 255 2.09 422 320 1.11 1.88 
Idiots Delight 7/18/2011 14:15 0.23 0.002161 432 255 3.12 420 320 1.68 1.86 
Millers Creek 7/18/2011 15:00 13.36 0.013603 448 255 62.63 438 315 32.77 1.91 
Sids 7/18/2011 11:45 4.61 0.016779 444 255 60.11 430 320 30.47 1.97 
Catfish 10/27/2011 12:00 0.32 0.018817 434 245 3.74 428 325 1.68 2.23 
Hunter 10/27/2011 12:55 0.31 0.020551 424 240 3.67 420 315 1.64 2.24 
Magnolia Circle 10/27/2011 12:05 0.35 0.020177 438 250 4.43 426 325 2.08 2.13 
Parker Island 10/27/2011 12:50 0.79 0.016948 450 245 8.70 430 320 4.27 2.04 
Tarpon Hole 10/27/2011 12:50 2.99 0.014428 442 250 34.32 438 330 16.17 2.12 
Jurassic 10/27/2011 13:45 0.18 0.022932 438 250 1.38 416 320 0.90 1.54 
Three Sisters No. 1 10/27/2011 12:05 0.21 0.019660 440 245 3.90 422 320 2.00 1.95 
Millers Creek 10/27/2011 14:40 3.68 0.015707 452 250 32.30 440 330 15.33 2.11 
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Appendix B. Optical data for Kings Bay surface. 
Site 
Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 280-
350  nm 
(m-1) 
Exmax 
(nm) 
Peak AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb QSE) 
Peak C 
AC to C 
ratio 
KBN1 5/26/2010 15:45 1.42 0.016574 240 434 8.00 325 432 3.60 2.22 
KBN2 5/26/2010 15:05 0.47 0.020450 250 450 4.37 350 450 1.90 2.30 
KBN3 5/26/2010 14:45 2.93 0.017094 235 432 15.60 305 424 7.50 2.08 
KBN4 5/26/2010 10:45 3.17 0.016727 235 430 18.00 300 422 8.80 2.05 
KBN5 5/27/2010 11:15 3.04 0.016163 235 430 17.00 320 427 7.80 2.18 
KBC6 5/28/2010 11:30 3.95 0.015758 235 430 20.60 300 426 9.90 2.08 
KBC7 5/26/2010 14:30 3.21 0.016156 235 432 17.20 320 426 8.00 2.15 
KBS8 5/26/2010 13:15 1.28 0.017824 240 430 10.30 320 426 4.60 2.24 
KBS9 5/27/2010 13:00 1.39 0.018518 235 430 9.50 330 435 4.10 2.32 
KB 10 5/28/2010 13:45 2.95 0.015815 235 430 15.50 320 425 7.00 2.21 
KBS11 5/29/2010 12:30 3.05 0.015893 235 430 16.80 315 422 7.60 2.21 
KBS12 5/28/2010 11:45 7.19 0.014987 235 426 30.80 320 430 14.80 2.08 
KBN1 10/7/2010 14:45 1.00 0.023116 235 427 10.66 325 428 4.30 2.48 
KBN2 10/7/2010 15:30 0.76 0.014152 230 434 7.00 345 447 2.50 2.80 
KBN3 10/7/2010 14:15 2.30 0.015712 235 428 22.00 325 427 9.00 2.44 
KBN4 10/7/2010 13:45 2.42 0.018251 235 430 25.00 325 430 10.20 2.45 
KBN5 10/7/2010 14:00 2.33 0.017442 235 428 26.00 325 431 11.00 2.36 
KBC6 10/7/2010 13:15 2.62 0.016311 235 429 24.00 325 427 9.80 2.45 
KBC7 10/7/2010 12:45 1.47 0.019049 235 428 21.00 325 428 8.50 2.47 
KBS8 10/7/2010 12:15 1.25 0.013614 235 429 16.00 325 425 6.70 2.39 
KBS9 10/7/2010 11:45 1.12 0.016650 235 426 15.70 325 427 6.40 2.45 
KB 10 10/7/2010 11:25 1.66 0.014573 235 427 15.50 325 424 6.40 2.42 
KBS11 10/7/2010 10:50 3.04 0.016429 235 425 20.00 325 426 8.00 2.50 
KBS12 10/7/2010 10:15 11.79 0.015688 235 430 30.00 322 426 15.50 1.94 
  
 
163 
Appendix B. Optical data for Kings Bay surface (cont.). 
                            
Site 
Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 280-
350  nm 
(m-1) 
Exmax 
(nm) 
Peak AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb QSE) 
Peak C 
AC to C 
ratio 
KBN2 1/25/2011 14:45 0.71 0.013334 245 432 3.01 320 426 1.34 2.25 
KBN3 1/25/2011 14:25 1.32 0.015015 245 438 9.70 315 430 4.40 2.20 
KBN4 1/25/2011 11:00 2.29 0.016478 245 434 15.74 310 430 7.60 2.07 
KBN5 1/25/2011 14:05 2.00 0.015351 245 438 16.22 310 426 7.44 2.18 
KBC6 1/25/2011 11:30 2.11 0.017393 245 436 16.95 305 426 7.91 2.14 
KBC7 1/25/2011 13:50 1.74 0.016931 245 436 17.09 310 426 7.83 2.18 
KBS8 1/25/2011 13:30 1.46 0.009235 245 438 11.51 315 424 5.28 2.18 
KBS9 1/25/2011 13:10 0.95 0.019584 245 440 13.14 310 428 6.10 2.15 
KBS10 1/25/2011 12:50 1.82 0.018019 245 436 16.99 310 426 7.90 2.15 
KBS11 1/25/2011 12:20 2.81 0.017128 245 438 19.78 305 428 9.37 2.11 
KBS12 1/25/2011 12:00 3.86 0.016405 245 440 23.17 305 430 11.30 2.05 
KBN1 4/19/2011 10:30 1.15 0.016609 255 448 7.26 315 428 3.70 1.96 
KBN2 4/19/2011 10:00 0.23 0.010431 255 440 1.97 320 420 1.00 1.97 
KBN3 4/19/2011 11:00 1.54 0.016542 255 446 8.29 305 426 4.11 2.02 
KBN4 4/19/2011 11:45 1.61 0.016805 255 448 8.88 310 426 4.42 2.01 
KBN5 4/19/2011 11:30 1.38 0.016599 255 446 7.78 315 430 3.99 1.95 
KBC6 4/19/2011 12:00 1.38 0.017491 255 444 17.14 310 428 8.87 1.93 
KBC7 4/19/2011 14:00 ND ND 255 442 16.48 310 426 8.40 1.96 
KBS8 4/19/2011 13:45 ND ND 255 440 9.91 310 426 4.86 2.04 
KBS9 4/19/2011 13:15 1.38 0.017491 255 440 10.82 310 424 5.22 2.07 
KBS10 4/19/2011 13:00 2.76 0.016806 255 442 15.49 310 426 7.88 1.97 
KBS11 4/19/2011 12:45 3.53 0.016191 255 450 17.36 310 432 8.75 1.98 
KBS12 4/19/2011 12:30 8.98 0.015081 255 452 33.00 305 432 15.40 2.14 
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Appendix B. Optical data for Kings Bay surface (cont.). 
Site 
Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 280-
350  nm 
(m-1) 
Exmax 
(nm) 
Peak AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb QSE) 
Peak C 
AC to C 
ratio 
KBN2 7/25/2011 10:30 0.46 0.025840 255 456 4.70 355 452 2.00 2.35 
KBN3 7/26/2011 10:30 1.84 0.015236 255 452 10.15 310 428 5.26 1.93 
KBN4 7/26/2011 11:45 3.45 0.015503 255 452 16.25 310 430 8.50 1.91 
KBN5 7/26/2011 11:15 3.45 0.015851 255 446 17.22 305 428 9.17 1.88 
KBC6 7/26/2011 12:30 3.92 0.015660 255 448 18.73 305 428 10.05 1.86 
KBC7 7/26/2011 14:45 2.99 0.015801 255 448 15.30 310 426 7.70 1.99 
KBS8 7/26/2011 14:20 2.07 0.016506 255 452 12.39 315 430 5.94 2.09 
KBS9 7/26/2011 14:00 2.30 0.015968 255 448 13.07 310 426 6.64 1.97 
KBS10 7/26/2011 13:45 2.53 0.016030 255 450 13.80 310 426 7.12 1.94 
KBS11 7/26/2011 13:25 2.76 0.016005 255 446 15.60 310 428 8.00 1.95 
KBS12 7/26/2011 10:00 3.68 0.015845 255 448 18.50 310 428 9.68 1.91 
KBN1 10/19/2011 9:35 2.53 0.016258 245 438 13.70 320 430 6.34 2.16 
KBN2 10/19/2011 10:35 0.84 0.018962 245 442 6.26 325 434 2.69 2.32 
KBN3 10/19/2011 10:00 2.76 0.016545 245 440 15.74 305 430 7.62 2.06 
KBN4 10/19/2011 11:25 4.38 0.016383 245 442 23.14 305 428 11.49 2.01 
KBN5 10/19/2011 11:00 4.38 0.015742 245 440 24.12 310 428 11.70 2.06 
KBC6 10/19/2011 11:45 4.99 0.015655 245 432 25.54 310 428 12.75 2.00 
KBC7 10/19/2011 13:45 3.92 0.015963 245 440 21.48 305 426 10.66 2.02 
KBS8 10/19/2011 13:30 2.38 0.015289 245 440 15.23 320 430 7.11 2.14 
KBS9 10/19/2011 13:00 2.99 0.015730 245 436 17.71 320 432 8.26 2.14 
KBS10 10/19/2011 12:45 2.99 0.016490 245 444 18.79 310 426 9.52 1.97 
KBS11 10/19/2011 12:20 3.22 0.015978 245 438 21.48 305 428 10.43 2.06 
KBS12 10/19/2011 12:00 7.60 0.015010 245 438 34.29 310 430 17.36 1.98 
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Appendix C. Optical and depth parameters for wells. 
Well SID 
# 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 280-
350  nm 
(m-1) 
Depth 
(ft.) 
Ref. to 
sea 
level 
Exmax 
(nm) 
Peak AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb QSE) 
Peak C 
AC to C 
ratio 
20062 6/22/2010 10:20 0.58 0.016933 242 240 429 10.00 330 425 5.10 1.96 
20075 5/10/2010 14:55 0.61 0.007861 266 240 423 4.50 325 407 1.10 4.09 
20078 5/12/2010 13:05 0.15 0.017628 84 235 410 1.06 325 405 0.50 2.12 
20080 6/9/2010 11:45 0.18 0.019106 95 240 414 1.50 325 407 0.80 1.88 
20085 6/21/2010 12:10 0.44 0.014588 108 240 427 10.00 330 421 5.10 1.96 
20112 5/25/2010 11:10 0.59 0.016479 95 235 435 6.50 325 427 3.30 1.97 
20137 5/6/2010 14:30 0.20 0.015236 55 240 426 1.60 325 410 0.85 1.88 
20142 6/17/2010 10:00 0.27 0.014269 39 325 396 2.10 325 408 0.88 2.39 
20172 6/22/2010 13:40 26.66 0.004760 169 220 416 127.00 330 434 44.90 2.83 
20173 6/24/2010 15:00 5.10 0.012202 48 235 430 38.80 330 432 20.20 1.92 
20175 5/6/2010 12:25 0.52 0.018133 45 240 426 3.20 295 412 1.90 1.68 
20180 6/16/2010 11:15 1.34 0.008764 89 220 355 5.60 330 418 1.81 3.09 
20969 5/10/2010 12:35 0.16 0.005412 150 245 417 0.86 325 407 0.55 1.56 
20975 5/24/2010 12:50 0.12 0.021477 22 235 418 1.80 325 408 0.97 1.86 
21006 5/19/2010 13:45 15.62 0.003524 22 220 390 73.00 325 430 20.50 3.56 
21012 6/29/2010 14:25 0.28 0.018983 47 240 411 2.30 325 417 1.10 2.09 
22906 6/17/2010 11:15 8.22 0.011634 18 240 457 40.00 330 448 18.60 2.15 
23248 5/18/2010 11:45 1.33 0.015351 32 235 435 14.25 330 430 7.20 1.98 
23430 6/15/2010 11:35 6.63 0.013381 40 235 437 46.00 330 433 22.00 2.09 
23437 5/18/2010 13:20 0.35 0.017766 32 240 425 3.40 325 412 1.90 1.79 
23440 6/17/2010 13:30 1.25 0.003936 165 235 378 2.60 320 407 0.70 3.71 
23497 6/17/2010 11:15 0.80 0.018953 40 235 420 11.18 325 415 5.80 1.93 
23580 6/3/2010 12:20 0.52 0.018036 42 240 425 7.30 325 411 4.00 1.83 
23591 5/26/2010 13:35 40.49 0.011465 -4 235 430 336.00 325 425 180.00 1.87 
23595 5/20/2010 14:10 36.32 0.006297 13 230 422 227.00 330 425 108.00 2.10 
23604 5/19/2010 10:55 0.15 0.020122 72 235 420 1.50 325 406 0.77 1.95 
23649 5/12/2010 10:30 0.19 0.019059 95 235 413 1.63 325 407 0.75 2.17 
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Appendix C. Optical and depth parameters for wells (cont.). 
Well 
SID # 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 280-
350  nm 
(m-1) 
Depth 
(ft.) Ref. 
to sea 
level 
Exmax 
(nm) Peak 
AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb QSE) 
Peak C 
AC to C 
ratio 
20062 5/18/2011 14:35 0.69 0.015240 242 255 442 9.33 315 424 4.82 1.94 
20075 6/1/2011 13:00 ND ND 266 255 432 1.78 325 414 1.10 1.62 
20078 5/17/2011 11:10 ND ND 84 255 440 0.96 320 410 0.61 1.57 
20080 5/26/2011 13:00 ND ND 95 255 426 3.28 325 416 0.77 4.24 
20085 6/13/2011 15:10 0.46 0.017145 108 255 442 8.81 325 420 4.06 2.17 
20112 5/11/2011 10:15 0.46 0.019119 95 255 450 4.73 315 428 2.60 1.82 
20137 5/17/2011 13:20 0.15 ND! 55 255 432 1.40 325 416 0.82 1.72 
20142 6/16/2011 10:25 0.23 ND 39 255 430 1.41 325 412 0.73 1.91 
20172 5/18/2011 12:40 25.56 0.003362 169 255 446 85.95 320 434 41.01 2.10 
20173 5/18/2011 11:35 2.84 0.015580 48 255 444 27.47 315 428 14.68 1.87 
20175 5/11/2011 14:00 0.23 0.009956 45 255 438 2.26 320 422 1.34 1.68 
20180 6/16/2011 11:35 2.99 0.004906 89 255 440 3.37 320 426 1.73 1.94 
20969 5/25/2011 10:25 ND ND 150 255 428 1.06 315 414 0.65 1.62 
21006 6/1/2011 11:30 ND ND 22 255 436 18.53 325 416 10.80 1.72 
21012 6/2/2011 13:00 ND ND 47 255 432 2.12 315 418 1.12 1.89 
22906 6/14/2011 12:25 4.38 0.010545 18 255 462 35.00 315 426 16.90 2.07 
23430 5/25/2011 13:50 7.14 0.011772 40 255 448 78.25 325 436 39.66 1.97 
23437 6/13/2011 12:30 0.23 0.013807 32 255 440 3.38 320 420 1.87 1.81 
23440 6/14/2011 14:20 0.00  ND 165 260 434 0.57 320 412 0.33 1.74 
23497 6/15/2011 13:30 0.92 0.019661 40 255 444 10.32 320 420 6.01 1.72 
23580 5/10/2011 11:40 0.46 0.022220 42 255 438 6.10 320 414 3.91 1.56 
23591 6/16/2011 13:45 66.10 0.006796 -4 255 442 344.44 315 428 181.94 1.89 
23604 5/10/2011 13:10 0.23 ND 72 255 432 1.00 325 412 0.67 1.51 
23612 5/10/2011 10:35 9.44 0.004173 310 255 436 20.20 315 422 10.70 1.89 
23642 5/25/2011 11:55 ND ND 19 255 448 19.88 320 432 10.14 1.96 
23649 5/11/2011 11:45 0.23 ND 95 255 432 2.75 320 416 1.57 1.75 
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Appendix D. Optical data for Coast sites. 
Site 
Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 280-
350  nm 
(m-1) 
Exmax 
(nm) 
Peak 
AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak C 
AC to C 
ratio 
Coast 1 10/27/10 9:10 7.51 0.0193601 428 235 63.00 427 330 28.00 2.25 
Coast 2 10/27/10 9:03 7.76 0.0193418 425 235 78.00 419 320 31.00 2.52 
Coast 3 10/27/10 8:46 9.17 0.0173328 423 235 82.00 419 320 33.60 2.44 
Coast 4 10/27/10 11:56 6.56 0.0177498 422 235 82.50 425 320 33.60 2.46 
Coast 5 10/27/10 9:37 6.55 0.0208231 432 235 74.00 435 325 30.00 2.47 
Coast 6 10/27/10 9:54 8.04 0.018802 420 235 86.00 420 320 34.00 2.53 
Coast 7 10/27/10 10:12 9.39 0.0184797 423 235 100.00 423 320 40.00 2.50 
Coast 8 10/27/10 10:36 12.41 0.0189952 423 235 153.00 425 320 62.00 2.47 
Coast 9 10/27/10 10:51 14.46 0.0180439 422 235 120.00 420 320 49.00 2.45 
Coast 10 10/27/10 11:20 11.91 0.0185445 424 235 137.00 422 320 57.00 2.40 
Coast 1 1/24/11 9:20 5.54 0.0195746 432 245 31.70 420 300 15.59 2.40 
Coast 2 1/24/11 9:00 5.24 0.0198165 434 245 32.79 424 305 15.07 2.03 
Coast 3 1/24/11 8:49 5.72 0.0167989 434 245 32.92 428 305 14.88 2.18 
Coast 4 1/24/11 11:58 1.84 0.0255427 430 245 20.13 426 300 9.23 2.21 
Coast 5 1/24/11 9:35 4.67 0.0216683 426 245 31.16 416 305 14.23 2.18 
Coast 6 1/24/11 10:00 5.76 0.0187181 428 245 32.43 422 300 15.19 2.19 
Coast 7 1/24/11 10:21 6.26 0.0194048 434 245 35.40 422 305 16.48 2.13 
Coast 8 1/24/11 10:39 6.89 0.0192025 430 245 37.67 420 305 17.99 2.15 
Coast 9 1/24/11 10:58 9.08 0.0188689 438 245 51.27 424 305 23.56 2.09 
Coast 10 1/24/11 11:23 7.74 0.0174828 432 245 51.07 424 305 22.83 2.18 
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Appendix D. Optical data for Coast sites (cont.). 
Site 
Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 280-
350  nm 
(m-1) 
Exmax 
(nm) 
Peak 
AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak C 
AC to C 
ratio 
Coast 1 8/31/11 9:31 8.21 0.0177041 436 255 42.84 422 305 23.01 2.24 
Coast 2 8/31/11 9:20 10.59 0.0163392 440 255 52.87 426 300 28.07 1.86 
Coast 3 8/31/11 9:09 11.52 0.0159126 440 255 56.95 428 305 30.11 1.88 
Coast 4 8/31/11 8:43 8.98 0.0152489 442 255 41.70 428 310 22.27 1.89 
Coast 5 8/31/11 9:42 5.99 0.0199117 436 255 36.91 422 310 18.44 1.87 
Coast 6 8/31/11 9:52 9.67 0.0181655 438 255 74.16 424 300 37.55 2.00 
Coast 7 8/31/11 10:04 12.67 0.0174326 442 255 60.52 424 305 31.39 1.98 
Coast 8 8/31/11 10:21 12.21 0.0183415 434 255 61.08 418 300 33.29 1.93 
Coast 9 8/31/11 10:32 16.81 0.0176085 434 255 88.33 420 305 46.81 1.83 
Coast 10 8/31/11 10:48 16.81 0.0174795 434 255 105.42 426 300 54.01 1.89 
Coast 1 10/26/11 9:49 6.91 0.0186539 430 245 40.24 422 305 20.40 1.95 
Coast 2 10/26/11 9:41 6.45 0.017839 436 245 39.87 422 305 18.82 1.97 
Coast 3 10/26/11 9:28 5.91 0.0168818 438 245 33.00 428 310 16.10 2.12 
Coast 4 10/26/11 9:10 3.92 0.0160067 442 245 20.91 426 305 10.35 2.05 
Coast 5 10/26/11 9:58 7.14 0.0188861 426 245 45.13 418 305 20.68 2.02 
Coast 6 10/26/11 10:07 8.67 0.0186671 432 245 53.98 424 305 25.65 2.18 
Coast 7 10/26/11 10:14 9.67 0.0186183 428 245 65.10 426 305 29.25 2.10 
Coast 8 10/26/11 10:37 9.90 0.019718 430 245 57.17 420 305 27.13 2.23 
Coast 9 10/26/11 10:47 13.36 0.0183992 430 245 75.13 424 305 37.16 2.11 
Coast 10 10/26/11 11:08 13.13 0.018508 434 250 83.93 426 300 41.53 2.02 
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Appendix E. Optical data for lakes and rivers. 
Site Name 
Date and Time 
Collected 
a(312) 
(m-1) 
Spectral 
Slope 
280-350  
nm (m-1) 
Exmax 
(nm) 
Peak 
AC 
Emmax 
(nm) 
Peak AC 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak AC 
Exmax 
(nm) 
Peak C 
Emmax 
(nm) 
Peak C 
Fluor. 
Intensity 
(ppb 
QSE) 
Peak C 
AC to 
C 
ratio 
Inglis Dam Upstream 6/1/2010 15:00 58.31 0.015119 230 432 218.00 305 428 106.00 2.06 
Lake Rousseau #1 6/1/2010 12:30 43.32 0.015089 230 434 323.50 305 426 157.60 2.05 
Lake Rousseau S. 
Cent. 6/1/2010 13:30 50.46 0.015072 230 432 279.00 305 426 131.00 2.13 
Lake Rush 6/9/2010 11:15 26.06 0.015768 235 429 139.00 305 425 67.60 2.06 
T.A. Hendersen 6/8/2010 11:10 131.45 0.015416 235 434 724.00 305 426 361.60 2.00 
T.A. Hernando 6/7/2010 12:45 82.78 0.016835 235 430 1002.00 305 423 490.00 2.04 
With. Hwy 41 6/1/2010 16:15 38.81 0.014834 230 432 203.00 305 429 102.00 1.99 
With. Hwy 44 6/2/2010 9:30 113.85 0.015148 230 433 705.00 305 430 333.00 2.12 
With. NR Holder 6/2/2010 9:00 85.44 0.014958 230 434 488.00 305 428 238.00 2.05 
Inglis Dam Upstream 10/12/2010 14:30 35.39 0.014490 230 435 745.00 303 431 342.00 2.18 
Lake Rousseau #1 10/12/2010 12:45 39.24 0.014939 230 427 378.00 300 421 162.00 2.33 
Lake Rousseau S. 
Cent. 10/12/2010 13:20 40.03 0.016195 230 436 332.00 300 430 149.00 2.23 
Lake Rush 10/12/2010 10:50 24.41 0.016929 235 430 162.00 300 423 76.00 2.13 
T.A. Hendersen 10/11/2010 12:47 84.30 0.017630 235 429 1050.00 305 420 449.00 2.34 
T.A. Hernando 10/11/2010 11:25 62.22 0.015629 230 428 648.00 305 424 281.00 2.31 
With. Hwy 41 10/4/2010 12:00 44.59 0.014094 235 437 308.00 305 433 150.00 2.05 
With. Hwy 44 10/4/2010 13:35 149.72 0.013985 235 436 992.00 303 436 473.00 2.10 
With. NR Holder 10/12/2010 9:30 86.77 0.014368 230 434 344.00 303 426 156.00 2.21 
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Appendix 6. Letter of approval from SWFWMD 
 
 
